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Abstract 
Understanding the role of climate in shaping species ranges will be critical in forecasting range 
shifts with changing climate. The factors influencing the niche and distribution of species include 
climate at a broad scale; topography, land-use, dispersal and many other biotic and abiotic 
interactions will further constrain species distributions within a spatially-hierarchical ecological 
system. Whitebark pine (Pinus albicaulis) is an endangered high elevation tree species of 
western North America. Anticipated climate change effects predict the migration of whitebark 
pine to suitable habitat north of its current range limits. However, the cause of the current 
northern range limit in north-central British Columbia is previously unresolved, so it is unclear 
whether there will be northward migration with changing climate. I used a hierarchically-
structured statistical model across regional (climate) and local (climate and topography) scales 
and found that occurrence and abundance of whitebark pine is best predicted by cold 
temperatures and associated low growing degree-days. This analysis also indicates ample 
suitable climatic habitat north of the current distributional limit of whitebark pine. By including 
seed dispersal via Clark’s nutcracker (Nucifraga columbiana), I showed that the northern range 
is likely directly limited by low seed dispersal and by an indirect interaction with Douglas-fir 
(Pseudotsuga menziesii), the dominant alternative food source for Clark’s nutcracker. I applied 
future potential scenarios of climate change, mortality and active restoration to evaluate the 
consequences on whitebark pine species distribution, and my results indicate that a range 
contraction to core habitat areas further south appears to be a potential outcome of climate 
change and ongoing mortality. The northern-most populations were the most vulnerable, but 
most responsive to restoration (seedling planting) and Douglas-fir management scenarios. 
Overall, my research provides a better understanding of how abiotic and biotic processes interact 
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to shape species distributions across scales. Ultimately, these findings can inform conservation 
planning for whitebark pine, a highly endangered and ecologically valuable tree species. 
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1 Introduction 
1.1 Species distributions and the niche 
Understanding where a species occurs and why is fundamental to ecology. The 
relationship between a species and its environment is often described conceptually by the 
ecological niche (Hutchinson, 1959). A niche can be defined as the theoretical conditions under 
which an organism can meet its requirements to survive and reproduce (Hutchinson, 1959; 
Oliver & Larson, 1990; Guisan & Zimmermann, 2000; Franklin, 2009). The niche can be further 
differentiated into the ‘fundamental niche’ based on constraints from the physical environment 
such as climate (precipitation, temperature) on the physiological tolerances of an organism, and 
the ‘realized niche’ where dispersal and biotic interactions constrain where within the 
fundamental niche a species is actually able to exist (Guisan & Thuiller, 2005; Franklin, 2009). 
While the niche itself has no explicit spatial context, the factors constraining species occurrence, 
abundance and ultimately distribution, can be viewed hierarchically, with factors at higher levels 
in the hierarchy constraining or filtering those below (Turner et al., 2001). For instance, climate 
often operates at the broadest scales (Woodward, 1987), which are then modified by landscape 
features such as topography (Dobrowski, 2011; Franklin et al., 2013) or land cover (Pearson et 
al., 2004), with sites, soil, and biotic interactions (Pearson & Dawson, 2003; McGill, 2010) 
occurring at the finest scales. 
1.2 Species distribution models  
Species distribution models (SDMs) are a primary tool for predicting a species 
distribution based on species-environment relationships that either estimate the fundamental or 
realized niche (Guisan & Zimmermann, 2000; Austin, 2002; Franklin, 2009). Given that SDMs 
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are a group of models used to quantify species-environment relationships, there are many names 
for this type of approach according to disciplinary conventions: predictive habitat models, 
resource selection functions, niche models, bioclimatic niche models, climatic envelope models, 
predictive mapping, habitat suitability models, etc. (Franklin, 2009). Species distribution models 
that only include coarse-scale climate (i.e. bioclimatic envelopes) can represent the fundamental 
niche, but more likely represent the climatic components of the fundamental niche (Pearson & 
Dawson, 2003). Easily measured, but often indirectly related to conditions experienced by 
individuals, abiotic environments related to species occurrence in a correlative SDM better 
represent the realized niche, as current observed occupancy suggests a species has successfully 
been filtered through fundamental and realized niche conditions (Guisan & Zimmermann, 2000). 
Mechanistic SDMs that relate resources to life-history response, functional traits or population 
dynamics more appropriately estimate the fundamental niche (Chuine & Beaubien, 2001; Guisan 
& Thuiller, 2005; Morin et al., 2007; Dormann et al., 2012). These mechanistic models may be 
more realistic and better suited for inference beyond the study area in space and time, as these 
estimate cause-and-effect relationships as opposed to correlations (Dormann et al., 2012). 
Including abiotic factors mechanistically in SDMs may still be inadequate in predicting how 
species distributions may change over time. There is increasing interest in understanding how 
factors, such as climate, may change species distributions as the climate changes (Guisan & 
Zimmermann, 2000). However the abiotic environment only partly estimates a species niche. To 
more realistically estimate the realized niche, dispersal, biotic interactions and even disturbance 
should be included (Guisan & Thuiller, 2005; Araújo & Luoto, 2007).  
1.3 Range limits 
3 
 
The factors controlling species range limits are those describing a species niche: the 
abiotic environment, dispersal and biotic interactions (Gaston, 2009). Range limits can then be 
associated with the abiotic environment, where environmental conditions beyond the limit 
become inhospitable to survival (Eckhart et al., 2011), where biotic interactions constrain a 
species before reaching its abiotic range limit (Post & Pedersen, 2008; Brown & Vellend, 2014), 
or where dispersal limitations have constrained expansion to the niche limit (Svenning & Skov, 
2004). Species distribution models that explore the consequences of future environmental 
change, such as climate change, may often focus on the abiotic environment. For instance, there 
may often be an assumption that the current observed range of species reflects its adaptation to 
its environment, and not a dispersal limitation. However, dispersal limitation has been shown to 
prominently affect many tree species (Svenning & Skov, 2004), suggesting that the equilibrium 
between species distributions and climate (that species have fully occupied their climatic niche 
following glaciation) is not a justified assumption. 
Generally, abiotic conditions are thought to limit ranges in abiotically stressful 
environments (cold or dry), while biotic interactions may limit ranges in low abiotic stress 
environments (warm and moist; MacArthur, 1972; Brown et al., 1996). This can be applied to 
geographic range limits, with northern latitude limits representing abiotic stress, and lower 
latitudes representing biotic stress. Northern range limits are of particular interest due to the 
potential for range expansion at ‘leading’ edges under a warming climate (Parmesan & Yohe, 
2003; Chen et al., 2011; Scheffers et al., 2016). Projecting future range shifts north with 
continued warming assumes that climate plays an important role in limiting these northern range 
edges currently. However, evidence from empirical studies on North American trees suggests 
multiple potential causes for northern distributional limits, including climate. For example, 
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disturbance (Flannigan & Bergeron, 1998; Asselin et al., 2003; Johnstone & Chapin, 2003; 
Lloyd et al., 2005; Paul et al., 2014), stand history (Zhang et al., 2015), substrate (rocky outcrops 
- Meilleur et al., 1997), coarse till (Drobyshev et al., 2014), or the interaction between 
disturbance and site (Tardif et al., 2006), can interact with climate to result in distributional 
limits in the absence of climatic limits alone. Other investigations have confirmed climatic limits 
to some North American trees due to phenological maladaptation (lack of fruit ripening; Chuine 
& Beaubien, 2001; Morin et al., 2007) or decreased germination (Hobbie & Chapin, 1998).  
1.4 Whitebark pine 
Whitebark pine (Pinus albicaulis Engelm.) is a high-elevation stone pine found in 
subalpine and treeline habitats of western North America (McCaughey & Schmidt, 2001). Its 
range spans 107-128˚W and 37-55˚N, but is divided into a western range along the coastal 
mountains and an eastern range in the Rocky Mountains and interior mountains of the U.S. and 
Canada (McCaughey & Schmidt, 2001). The northern range limit of whitebark pine currently 
occurs in the Skeena and Omineca Mountains of north-central British Columbia (B.C.), while its 
northern edge in the east occurs north of McBride, B.C. in the Rockies (Figure 1).  
Whitebark pine is considered a foundation or keystone species to wildlife, ecological 
community dynamics and hydrology (Tomback et al., 2001). Its fat- and protein-rich seeds are 
an important food source for grizzly and black bears (Mattson et al., 1991; McKay & Graham, 
2010), red squirrels and Clark’s nutcrackers (Hutchins & Lanner, 1982; Tomback et al., 2001). 
Whitebark pine is currently declining throughout its range due to an exotic pathogen (white pine 
blister rust: WPBR, Cronartium ribicola J.C. Fisch.; McDonald & Hoff, 2001), outbreaks of the 
endemic mountain pine beetle (MPB, Dendroctonus ponderosa; Hopkins; Campbell & Antos, 
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2000), stress from climate change, and the effects of fire suppression (Keane et al., 1994). This 
has resulted in concern over the long-term health of the ecosystems in which whitebark pine 
occurs (Tomback et al., 2001). In Canada, whitebark pine is federally listed as ‘endangered’ 
(Environment Canada, 2012). The loss of a keystone species will have large impacts on its 
ecosystem (Primack, 2004), so given the magnitude and impacts of disturbances on whitebark 
pine, many restoration activities are underway in an effort to reverse the trajectory towards 
extinction (Keane & Arno, 2001). Recovery and restoration activities have put significant effort 
into testing and selecting WPBR-resistant seedlings for out-planting to reverse high mortality 
rates in a species with little native resistance due to the relatively short time span of co-existence 
with WPBR (Burr et al., 2001; Mahalovich et al., 2006).  
1.5 Clark’s nutcrackers 
Clark’s nutcrackers (Nucifraga columbiana Wilson) are the primary dispersal agent of 
whitebark pine, collecting seeds in their sub-lingual pouch, and caching them for consumption in 
the early spring, mostly for their newly hatched offspring (Tomback, 1982; Lorenz et al., 2011). 
Clark’s nutcrackers are specifically adapted to extracting, consuming, caching and re-locating 
pine seeds due to their long and sharp beak, sub-lingual pouch, and spatial memory (Vander 
Wall, 1982; Kamil & Balda, 1985; Tomback, 1998). Whitebark pine is a primary food choice, 
but Clark’s nutcrackers can feed on other species such as limber pine (Pinus flexilus E. James), 
bristlecone pine (Pinus aristata Engelm.), pinyon pine (Pinus monophylla Torr. & Frém.), 
Jeffrey pine (Pinus jeffreyi Balf.), ponderosa pine (Pinus ponderosa Douglas), and Douglas-fir 
(Pseudotsuga menziesii (Mirb.) Franco), as well as insects and other food items opportunistically 
(Tomback, 1998). 
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Figure 1. Range map of whitebark pine (Pinus albicaulis) in North America (Whitebark Pine 
Ecosystem Foundation, 2014). 
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The reliance of whitebark pine on Clark’s nutcrackers for seed dispersal and the 
significance of whitebark pine seeds to Clark’s nutcrackers results in a mutualistic relationship 
between these species (Tomback, 1982). Clark’s nutcrackers are also known to exhibit irruptive 
behaviour, where large groups of birds flock to alternate food sources in years with poor primary 
seed crops, such as whitebark pine (Davis & Williams, 1957; Vander Wall et al., 1981). As a 
result of whitebark pine’s highly evolved mutualistic relationship to Clark’s nutcrackers, 
whitebark pine is connected to a wider ecological network based on the requirements and 
behaviour of Clark’s nutcrackers.  
1.6 Whitebark pine seed dispersal 
Clark’s nutcrackers are scatter-hoarding birds, caching seeds for consumption or feeding 
offspring at a later date (Pesendorfer et al., 2016). This behaviour has a large impact on the 
regeneration dynamics of whitebark pine. For example, there is a greater likelihood of a given 
bird to cache seed within its home range, regardless of proximity to whitebark pine seed source 
(Lorenz et al., 2011). Scatter-hoarding also results in overall higher dispersal distances 
(Pesendorfer et al., 2016). However, regeneration studies suggest proximity to whitebark pine 
seed source positively influences regeneration densities (Moody, 2006; Larson & Kipfmueller, 
2010). 
Seed dispersal functions have been widely developed and estimated across forest 
ecosystems and biomes and fit primarily through inverse modelling (Ribbens et al., 1994; Clark 
et al., 1999; LePage et al., 2000; Greene et al., 2004; Clark et al., 2005). The shape of dispersal 
kernels at short and long distances has significant implications for predicting current or future 
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recruitment patterns. For instance, a flexible “fat-tail” enables the estimation of infrequent or low 
probability long-distance dispersal events, which likely contribute to range expansion (Clark et 
al., 1999; Nathan & Muller-Landau, 2000; Clark et al., 2001a). However, many previously 
developed and tested dispersal kernels (inverse power law, 2dt, Weibell, etc.), may not be 
flexible enough to account for scatter-hoarding dispersal agent behaviour, particularly given the 
spatial scale of previous studies. For instance, most dispersal kernel studies occur at stand or 
small landscape scales, with dispersal probability estimated as a function of distance on a scale 
of tens of meters (LePage et al., 2000; Greene et al., 2004; Clark et al., 2005). 
1.7 Whitebark pine and climate change 
Climate change refers to the global change in temperature and precipitation regimes as a 
result of increased greenhouse gases in the atmosphere (Randall et al., 2007). Current climatic 
change is widely recognized to be in large part due to anthropogenic greenhouse gas emissions 
from the combustion of fossil fuels in activities such as industry and transportation (Randall et 
al., 2007). However, climate has never been static over geological time scales. Whitebark pine 
has undergone large landscape-scale migration, tracking suitable climatic growing space during 
major events, such as the Pleistocene glaciation of North America, as well as subsequent climate 
variations (Jorgensen & Hamrick, 1997; Richardson et al., 2002). During glaciation, whitebark 
pine’s range receded to multiple refugia further south (Richardson et al., 2002; Shafer et al., 
2010), with northern expansion following the end of the glacial period (Jorgensen & Hamrick, 
1997). Modern climate change, even in light of historical species migrations, remains a concern 
however, due to the rapid rate of climate change requiring migration rates (ca. 1000 m/year in 
latitude; Malcolm et al., 2002) far exceeding many tree species’ historical migration rates (ca. 
100 m/year; Aitken et al., 2008). In light of the changing climatic conditions within current 
9 
 
whitebark pine habitats, this species (like all others) must adapt, migrate or become extirpated 
(Aitken et al., 2008).  
Whitebark pine will be directly affected by a changing climate as this directly influences 
environmental gradients that constitute the abiotic niche (Guisan & Zimmermann, 2000; Guisan 
& Thuiller, 2005; Franklin, 2009). Changing global temperature and precipitation regimes, as 
well as increased greenhouse gas concentrations, may then directly affect individual tree growth 
rates through changes to the resource levels that directly influence tree physiology. Climate 
change may also indirectly affect whitebark pine through biotic interactions across gradients in 
the physical environment, resulting in changes to the realized niche (Araújo & Luoto, 2007). One 
of the primary mechanisms hypothesized for the decline of whitebark pine with climate change is 
increased mortality from competition as a result of improved vigour and encroachment of 
competitors into habitats where whitebark pine is not currently outcompeted (Hamann & Wang, 
2006; Hansen et al., 2016; Keane et al., 2016). Whitebark pine can form late seral and old-
growth stands on many sites due to harsh environmental conditions where it is difficult for other 
less tolerant species to compete (Arno & Hoff, 1989). As a slow-growing species with less 
adaptive capacity to take advantage of increased growth potential with changing climatic 
conditions on some of these sites compared to its competitors (i.e. Pinus contorta Douglas), 
whitebark pine may decline due to the increasing competitive advantage of other species 
(McLane, 2011). 
Whitebark pine has been studied extensively in the northern U.S. Rocky Mountains 
(Keane et al., 1994; Callaway, 1998; Logan et al., 2010; Bockino & Tinker, 2012; Chang et al., 
2014), but little along the northern limits of the species distribution (Larson & Kipfmueller, 
2012). Current climatic envelope projections suggest a 73% decrease in suitable climate space 
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for whitebark pine in the southern portions of its range, with a comparable 76% increase in 
suitable habitat north of the current edge (Hamann and Wang, 2006). Several studies predict a 
loss of abiotic habitat with changing climate in portions or across its current range (Coops & 
Waring, 2011; Chang et al., 2014; Mathys et al., 2016). The response of whitebark pine to a 
changing climate will vary across its geographic range and there is a paucity of information on 
populations at the northern edge of whitebark pine’s distribution (Larson & Kipfmueller, 2012). 
Additionally, peripheral populations appear to be important refugia for species under stress 
(Channell & Lomolino, 2000). Given this scenario, studying northern populations of whitebark 
pine will be essential for forecasting future distribution of this species and, as a result, informing 
the recovery planning process for this endangered species. 
1.8 Thesis objectives 
Climate change is expected to put additional stress on current whitebark pine populations 
that are already undergoing extensive mortality (Logan et al., 2010; Hansen et al., 2016; Keane 
et al., 2016; Wong & Daniels, 2016). Climate change may also create additional suitable habitat 
north of the species’ current range (Hamann & Wang, 2006; Mathys et al., 2016), requiring 
migration to suitable habitats further north. The northern-most populations of whitebark pine 
(Smithers/Fort St. James in the Coast Mountains, and north of Prince George in the Rockies) are 
as vulnerable to disturbances (WPBR, MPB) as their southern counterparts (Zeglen, 2002; Smith 
et al., 2008; Haeussler et al., 2009; Clason et al., 2010). Yet maintaining healthy subalpine and 
treeline ecosystems with whitebark pine is essential at this northern edge for persistence within 
its current climatic range (Channell & Lomolino, 2000). These northern populations will also be 
important in facilitating any future migration north with climate change.  
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The suitable climate space for whitebark pine predicted by bioclimatic envelope 
modelling extends the range of whitebark pine far into northwestern B.C. (Coops & Waring, 
2011; McLane & Aitken, 2012; Mathys et al., 2016). While whitebark pine does not currently 
grow that far north, when planted it survives, supporting the more northern climate suitability 
predicted by SDMs compared to the current observed distribution (McLane & Aitken, 2012). 
This could be a result of the modelling technique, where the most significant climatic predictors 
of currently known whitebark pine locations are projected as suitable habitat. For instance, 
whitebark pine distribution may be more limited by seedling recruitment in heavy snowfall areas 
(McLane & Aitken, 2012). However, given that non-climatic factors may also contribute to 
northern range limits, with my dissertation, I attempt to understand what processes are currently 
limiting the northern distributional limit of whitebark pine (Chapters 3 and 4), and how the future 
northern distribution of whitebark pine may change under climate change given these limiting 
processes (Chapter 5). Understanding the role of climate and other processes driving the current 
northern range limit of whitebark pine is essential for conservation planning of this endangered 
species. I use a mechanistic approach to species distribution modelling to incorporate those 
processes — abiotic, biotic, and dispersal — that may be driving the northern distributional limit 
of whitebark pine. 
1.9 Thesis outline 
This dissertation is organized into two introductory chapters (Chapters 1 and 2) that 
provide the background for my research. The next three chapters (Chapters 3, 4, and 5) are 
written as papers for submission to peer-reviewed journals. These chapters answer the questions: 
What role does the abiotic environment have in constraining northern whitebark pine occurrence 
(Chapter 3), what is currently limiting the northern distributional limit of whitebark pine 
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(Chapter 4), and how might the northern limit change with climate change given these limiting 
processes (Chapter 5). A final chapter (Chapter 6) summarizes the major findings from this 
research and provides a broader context for this and future work on these topics.  
In Chapter Two, I produce an updated whitebark pine northern range map. The collection 
and integration of data across administrative boundaries with different methods and resulting 
data products is one of the complications of studying wide-ranging, but understudied species. 
This work is not necessarily an advancement of scientific understanding of the ecological 
system, but a necessary step to looking at large-scale patterns in species-habitat relationships. 
 In Chapter Three, I explore the relationship between whitebark pine and its abiotic 
environment at its northern distributional limit. This was an important step in evaluating whether 
abiotic factors could be driving the northern species distributional limit. The significance of this 
chapter rests in defining the species-abiotic environment relationship, but also in combining data 
from many sources across scales in a single analysis. This better represents the ecological system 
(hierarchy of environmental influences), and the reality of using multiple data sources (varying 
in response type and quality). 
In Chapter Four, I explore how abiotic and biotic factors may influence whitebark pine 
distribution and ultimately the northern range limit. I develop multiple alternative hypotheses 
and associated statistical models that are fit to whitebark pine data to determine the best 
explanation for the current northern range limit. The importance of this chapter is its inclusion of 
both abiotic and biotic (dispersal) factors controlling macro-scale patterns in species 
distributions. The alternative hypotheses of range limiting factors were fit to whitebark pine 
juvenile density data. 
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In Chapter Five, I explore the consequences of abiotic and biotic processes shaping the 
northern distributional boundary of whitebark pine on its future distribution, given ongoing 
mortality and projected climate change. I develop scenarios of ecological change and 
management intervention, and compare projections to a current baseline to determine impacts to 
whitebark pine northern distribution. Scenarios of possible futures are useful for exploring the 
consequences of uncertain futures, providing insight into the nature of system uncertainties and 
combining multiple elements of change (i.e. natural or social; Peterson et al., 2003). 
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2 Whitebark pine northern range mapping 
2.1 Introduction 
Many species globally suffer from the “Wallacean” shortfall, having poorly documented 
range maps (Whittaker et al., 2005). This certainly applies to whitebark pine at the northern edge 
of its distribution, potentially as a result of less study, or increased difficulty in mapping the 
species as its density decreases towards the northern range limit, and access is limited. Range 
maps are a necessary starting point to assess how distributions may change over time, which will 
be critical for conservation planning (Whittaker et al., 2005). Readily available sources of 
whitebark pine occurrence and associated environmental data will, like that of many other 
species, be of varying quality, spatial scale, recorded for different purposes, with different 
sampling designs in space and time (Franklin, 2009). The objective of this chapter is to combine 
existing data on whitebark pine occurrences, producing an improved range map for whitebark 
pine’s northern distribution. 
2.2 Methods 
From 2011-2013, I collected and combined various types of data on whitebark pine from 
multiple sources. This included ground plots of occurrence and abundance, existing forest 
inventory maps, as well as current range maps.  
2.2.1 Ground plots 
I collected whitebark pine plot data as part of this study in 2011 and 2012 (132 transects). 
These data included juvenile and adult abundance (stems/ha). One hundred thirty-two transects 
were sampled for juvenile data, of which 91 also had adult data collected. I established transects 
randomly in whitebark pine or non-whitebark pine habitat with varying lengths of transects, 
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although most were ca. 50 m × 6 m. The primary objective of this sampling scheme was to 
characterize as many different habitat types and whitebark pine populations as possible across 
the northern extent, as opposed to sampling intensively at any one site. This sampling design 
enabled me to sample multiple locations and capture more variation rather than just 
characterizing any one area or mountain. I collected the following site data: location, elevation, 
overstory cover category (on a scale of 1 (few) – 5 (abundant)), overstory species, understory 
cover category (1 (few) - 5 (abundant)), common understory species, non-vegetated cover 
category (1 (little) – 5 (a lot)), non-vegetated type (talus, boulders, bedrock), aspect, slope, slope 
position, moisture and nutrient regime (Luttmerding et al., 1990). I recorded whether seedlings 
or trees were part of clumps, and whether the individual was healthy, or infected by white pine 
blister rust (Cronartium ribicola J.C. Fisch). 
Most transects were accessed by truck (provided in-kind from the Canadian Forest 
Service), followed by hiking into suitable habitat areas. On a given sampling day, one mountain 
area could be surveyed, with the number of transects dependent on the extent or diversity of 
habitats available on that mountain. To access more remote mountain ranges, I collaborated with 
different agencies and partners. For instance, I joined Parks Canada on helicopter flights, 
including a site drop-off and was assisted in accessing another area via all-terrain vehicle (ATV) 
and mountain bike within Jasper National Park by Parks staff. I was able to spend several weeks 
in the remote Willmore Wilderness area in both 2011 and 2012 collecting data through 
collaboration with Alberta Parks staff and the University of Alberta. I was also able to access 
remote areas of the northern extent of whitebark pine in B.C., collaborating with the B.C. 
Ministry of Forests, Lands and Natural Resource Operations (MFLRNO) and the Society for 
Ecosystem Restoration of North-Central B.C. (SERN-BC). Helicopter access through this 
16 
 
partnership included sites in Kakwa Provincial Park in the Rockies and mountain ranges along 
the western edge of Takla Lake in north-central B.C. In all cases, all partnerships required that I 
would help or support data collection for the projects that were primarily funding the access, and 
in return, either I got to use these data, or I was given time to collect data independently. 
Other researchers or government organizations collected all other whitebark pine plot 
data between 1977 and 2014. The methods of data collection varied, but to be included in range 
mapping, confirmed whitebark pine occurrence, as well as geographic coordinates for the 
location of the plot was required. Researchers and organizations that contributed data included: 
Carmen Wong (Parks Canada, carmen.wong@canada.ca, Wong, 2012), Randy Moody 
(randy@keefereco.com, Moody, 2006), Alberta Parks (joyce.gould@gov.ab.ca), E. Campbell 
(elizabeth.campbell@canada.ca, Campbell & Antos, 2000), Matthew Gelderman 
(mattgelderman@hotmail.com, Gelderman et al., 2016), National Parks 
(brenda.sheppard@pc.gc.ca), Sybille Haeussler (sybille.haeussler@unbc.ca, Haeussler et al., 
2009), Stefan Zeglen (stefan.zeglen@gov.bc.ca, Zeglen, 2002), BEC plot database (MacKenzie, 
2017), Bonnie Hooge (bonnie.hooge@gov.bc.ca), and Alana Clason (from previous studies, 
Clason et al., 2014). Some plot location data (particularly those collected before handheld global 
positioning systems (GPS) were readily available), were likely to have locational error (see 
Graham et al., 2008). 
2.2.2 Forest inventory 
The mapping and interpretation of aerial photographs historically has been the primary 
method for inventorying forest resources across large areas (Gillis & Leckie, 1996; Wulder, 
1998). However, results vary with the analyst (Wulder, 1998). The only complete coverage for 
whitebark pine across provincial or administrative boundaries in Canada was produced by the 
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Canadian Forest Service using Moderate Resolution Imaging Spectroradiometer (MODIS) 
imagery (Beaudoin et al., 2014), but this was of low quality (R2 for whitebark pine = 0.07). As a 
result, I had to combine forest inventory data from B.C., Alberta and Parks Canada to make a 
single coverage of whitebark pine that spanned both provinces. I obtained whitebark pine 
polygons contained within the B.C. vegetation resource inventory (VRI; 
https://catalogue.data.gov.bc.ca/dataset/vri-forest-vegetation-composite-polygons-and-layer-1) 
and the Alberta vegetation inventory (AVI; http://aep.alberta.ca/forms-maps-
services/maps/resource-data-product-catalogue/forest-vegetation-inventories.aspx). For the 
region around Fort St. James, I also obtained the B.C. forest inventory from 1995 (J. Vinnedge 
pers. comm.). Polygons that contained whitebark pine from the 1995 forest inventory were 
removed erroneously by new aerial photo interpreters in the more recent VRI analysis (J. 
Vinnedge pers. comm.). From the Parks Canada ecological land classification (ELC; Holland & 
Coen, 1993), I had to query which polygons had a dominant vegetation type identified as one 
that contained whitebark pine (whitebark pine just had to be present in the vegetation type, not 
necessarily dominant). Percent cover values were then assigned to the polygon based on median 
cover values for whitebark pine from within 10 representative stands for that vegetation type 
(Holland & Coen, 1993). I converted each of the three data sources to rasters at 250 m resolution 
and then into a single raster map. I also aggregated to 2.5 km pixel resolution based on the mean 
of contributing pixels by bilinear resampling. 
I had opportunity to verify some unlikely whitebark pine polygons in the VRI, as well as 
survey areas from aircraft to add new whitebark pine observations. In 2012, I surveyed the 
northwestern-most mountain ranges of whitebark pine’s distribution in a fixed-wing aircraft 
(Figure 2). I took a GPS point approximately every 20 seconds while in flight, and had an 
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assistant record presence, absence and relative abundance (ranked 0 (none) – 5 (abundant)) with 
every point. This essentially confirmed the NW range edge, with no populations of adult 
whitebark pine observed from the air north of the current mapped boundary. I made a single 
putative observation of whitebark pine in the Blunt/Seaton Range; however when I surveyed on 
foot, I was unable to locate any whitebark pine, so did not include it as a ‘new’ observation for 
mapping. It is possible whitebark pine occurs in this range, but based on my observations, this 
cannot be confirmed. Other potential observations of whitebark pine north of the current mapped 
range have been reported but as lodgepole pine (Pinus contorta, Douglas) at treeline elevations 
can take on similar physical characteristics, forest inventory and aerial mapping is difficult and 
the results suspect without ground inspections in these areas. I did not observe any whitebark 
pine in the Bait Range or around Mt. Lowell, north of Blanchet Provincial Park. In 2013, after 
putting in a new long-term monitoring plot for whitebark pine in Kakwa Provincial Park with 
MFLNRO, I surveyed valleys by helicopter that were previously not included in the whitebark 
pine range map (Figure 2). New observations of whitebark pine were made on this flight in the 
area of Mount Hanington.  
In 2013, I flew north of the Peace Arm of Williston Lake with B.C. MFLRNO and 
Society for Ecosystem Restoration in North-Central British Columbia (SERN-BC) to confirm 
several VRI polygons, which were identified as containing whitebark pine, but these were 
misidentified. I removed these polygons from the VRI for whitebark pine mapping.  
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2.3 Range mapping 
I combined all whitebark pine data (ground plots, aerial survey observations and forest 
inventory) to generate a new whitebark pine range map that built off of the recently updated 
whitebark pine range map (Whitebark Pine Ecosystem Foundation, 2014). I use identical 
methods to those that produced this recent updated range map (Whitebark Pine Ecosystem 
Foundation, 2014; Adam Collingwood pers. comm.). I buffered each observation (point or 
polygon) by 6 km creating polygons, which were then joined and smoothed using the Polynomial 
Approximation with Exponential Kernel (PAEK) algorithm (15,000; Adam Collingwood pers. 
comm.). I used an elevation cut-off of 1500 m in the eastern range of whitebark pine, and an 
elevational cut-off of 1200 m in the western range due to the approximate elevational boundaries 
of whitebark pine in these mountain ranges (pers. obs.), and then dissolved all polygon 
boundaries that touched. I only kept the buffered polygons that were produced by confirmed 
observations. In other words, if the plot or observation used to create a particular buffered 
polygon was confirmed incorrect, I removed it. I used NAD83 Albers projection for the final 
polygon map product (Figure 3). This latest and updated map will serve as the range map for 
whitebark pine for the remainder of the dissertation. 
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Figure 3. Updated whitebark pine northern range map. The grey area represents the study area for 
Chapters Three and Four, and this area was the focus of the range mapping here. The red 
represents the range of whitebark pine in Canada.  
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3 Cold temperatures constrain an endangered tree species across 
scales and life history stages 
3.1 Abstract 
A strong influence of climate on species range is often assumed, particularly when 
projecting future range shifts with changing climate. Species distribution models (SDMs) applied 
in this context estimate the abiotic niche, predicting occupancy as a function of the environment, 
climate being a main component of interest. Climate will influence occupancy at multiple scales 
through interactions with regional and local environments. I used a Bayesian hierarchical model 
to combine multiple scales, sources, qualities and types of species data to estimate the roles of 
climate and landscape in shaping habitat at the northern distributional edge of a critically 
threatened mountain tree species, whitebark pine (Pinus albicaulis). As a species at risk, 
understanding how climate influences habitat will help predict future range dynamics and guide 
management interventions. I jointly examined the climate influence on occupancy as well as 
juvenile and adult abundance separately to quantify habitat quality at two life history stages. I 
found that cold temperatures and related low growing degree-days were the strongest predictors 
of whitebark pine occurrence and abundance across scales and life stages. I predict occupancy at 
the regional scale in cold, moderately wet climates, while at a local scale, in areas with fewer 
growing degree-days, less snow, on water-shedding sites with little climatic drought, and high 
solar radiation. I predict juveniles to occur broadly throughout the study area, while high adult 
abundance in sunny, cool habitats with little climatic drought. These high quality adult habitats 
occurred mostly in the eastern portion of the species’ range in the Rocky Mountains, with little 
high quality adult habitat in the western range. The negative relationship to temperature and the 
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ample suitable habitats predicted to exist north of the current species range limit suggests this 
species is not limited by cold temperatures. This study illustrates the potential of using a 
Bayesian hierarchical structured model to capture the most information from available data 
sources, particularly relevant for species with little data, but high conservation concern. 
3.2 Introduction 
Understanding and quantifying the role of climate in driving patterns in species 
distributions has received increasing attention due to a need to predict species responses to global 
changes (Guisan & Zimmermann, 2000; Franklin, 2009). Patterns in species occurrence are 
influenced by a hierarchy of drivers across multiple spatial and temporal scales (Holling, 1992; 
Mackey & Lindenmayer, 2001; Guisan & Thuiller, 2005). Climate, for instance, may greatly 
influence species at coarse scales, but also influences factors such as land cover (Pearson et al., 
2004) and topography (Iverson & Prasad, 1998; Dobrowski, 2011) that are important drivers of 
species patterns at finer scales due to this hierarchical structure of ecosystem drivers (Whittaker 
et al., 2001; Pearson & Dawson, 2003). Drivers operating at different scales within a dependent 
ecological hierarchy will act simultaneously in natural systems. Incorporating these drivers at 
multiple scales is useful in quantifying species-habitat relationships (Pearson et al., 2004). Thus, 
a spatially hierarchical model — where a diversity of potential drivers from different scales is 
used simultaneously, not as alternative models for each scale — would likely improve accuracy 
when predicting species occurrence. 
In predicting species distributions using species distribution models (SDMs), given the 
hierarchical structure of ecological systems, species responses should be observed at appropriate 
scales and viewed in relation to relevant processes. For instance, climate will influence species at 
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coarse scales, requiring observations of species response at a similarly coarse scale (Pearson & 
Dawson, 2003). This is the case for trees where coarse climatic variables may not describe plot-
level variation in tree abundance (Canham & Thomas, 2010; Zhu et al., 2014), but may 
adequately describe occurrence (Lalonde et al., 2012). This can be the result when occurrence 
and abundance are driven by different processes, requiring an analytical approach that can 
capture these different processes and responses simultaneously (Nielsen et al., 2005). Further, 
estimating how demographics vary with ecological drivers can provide greater insight into how 
these processes result in range limits (Eckhart et al., 2011) or may result in distributional change 
with climate (Zhu et al., 2012; Dolanc et al., 2013). Particularly for long-lived sessile organisms 
such as trees, growth rates of established individuals are less sensitive to climate (Canham & 
Murphy, 2016) compared to juvenile recruitment, suggesting a broader fundamental niche for 
adults compared to juveniles (Jackson et al., 2009). The regeneration niche in particular can 
provide greater insight into processes influencing distributional change representing successful 
reproduction (Grubb, 1977; Jackson et al., 2009; Zhu et al., 2012). Estimating drivers of multiple 
species responses (occurrence, abundance, life history) at appropriate scales could then provide 
greater understanding of the processes controlling current species distributions, resulting in 
improved predictions of future distributional change. 
Whitebark pine (Pinus albicaulis Engelm.) is a long-lived, high-elevation, five-needle 
stone pine tree species indigenous to western North America. It ranges from California and 
Nevada in the south to central British Columbia and Alberta in the north, spanning the Sierra 
Nevada, Cascade and Coast Mountains to the west and the Rocky Mountains to the east. 
Whitebark pine has experienced significant mortality range-wide over the last century, largely 
due to the exotic pathogen, white pine blister rust (Cronartium ribicola J.C. Fisch.; McDonald & 
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Hoff, 2001), but also accelerated by outbreaks of the endemic mountain pine beetle 
(Dendroctonus ponderosae, Hopkins; Campbell & Antos, 2000). Climate change is anticipated 
to favour more competitive tree species (Hamann & Wang, 2006) and interactions with 
disturbance agents to further accelerate decline (Logan et al., 2010; Wong & Daniels, 2016). The 
northern populations of whitebark pine in British Columbia and Alberta are as susceptible to 
disturbances and stresses as populations further south (Clason et al., 2014), but the survival of 
northern populations will be important for the long-term persistence of the species, given 
anticipated climate warming scenarios. As with many species, climate change is expected to 
reduce suitable growing space for whitebark pine in the south, while providing new habitat in the 
north (Hamann & Wang, 2006). This assumption has rarely been tested, and may indeed be false 
because it is often unknown what constrains northern species distributions.  
The ecological niche defines the conditions under which an organism can meet its 
requirements to survive (Hutchinson, 1959; Oliver & Larson, 1990; Guisan & Zimmermann, 
2000; Franklin, 2009). The ‘fundamental niche’ describes the broadly suitable physical 
environment, such as that defined by climate (precipitation, temperature), while the ‘realized 
niche’ describes the actual occurrence of a species based on constraints on the fundamental 
niche, such as biotic interactions (competition) or dispersal (Guisan & Thuiller, 2005; Franklin, 
2009). The need to incorporate multiple species responses and associated processes at 
appropriate scales requires structuring SDMs to mirror this ecological structure. The data 
required to do this may vary in quality and availability, particularly for species of conservation 
concern (Schaub et al., 2007; Camaclang et al., 2015). Yet accurately defining species-habitat 
relationships to estimate future trajectories and extinction risk is essential for conservation 
planning (Camaclang et al., 2015). As a result, methods that support using all available data in a 
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single statistical framework are required. Here, I use a Hierarchical Bayesian statistical 
modelling approach to 1) represent the hierarchical ecological structure within a single statistical 
model, 2) incorporate multiple species responses across scales, and 3) make use of all available 
data for a species at risk to best estimate species-habitat relationships. This mechanistic SDM 
will define suitable climatic habitat for the current northern distribution of whitebark pine, 
informing current management and future planning for a species-at-risk under a changing 
climate. 
3.3 Methods 
3.3.1 Study Area 
The study region extends from 114 oW in Alberta to 132 oW in B.C., and from 52 – 57 
°N (Figure 4), covering > 43 million ha. The distribution of whitebark pine in the study area falls 
into two distinct sub-regions: the Rockies and interior mountains in the east, and the Central 
Coast, Skeena and Omineca mountains in the west (Figure 4 and 5).  
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Figure 4. The study area (grey) extends from 52 – 57 ˚N in central British Columbia and Alberta, 
Canada, and encompasses all mountainous terrain within that range. Polygons (red) represent the 
current range map of whitebark pine (Whitebark Pine Ecosystem Foundation 2014 and Chapter 2). 
The study area contains the northern-most whitebark pine. 
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Figure 5. Mountain ranges in the study area (grey area in Figure 4). 
 
3.3.2 Response data 
I used two response datasets in this study; the whitebark pine range map, and whitebark 
pine plot data. The whitebark pine range map (Chapter 2) was converted to a raster of presence 
(1) and absence (0) at a resolution of 2.5 km pixels for the study area (Figure 4). 
I collected whitebark pine plot data as part of this study in 2011 and 2012 (132 transects) 
and stratified transects across the study area (Figure 4; Table 1). Abundance data collected in 
2011 included only juvenile whitebark pine (n=41), while data collected in 2012 included both 
juvenile and adult data (n=91). I established transects randomly in whitebark pine or non-
whitebark pine habitat. Lengths of transects varied, but most were ca. 50 m × 6 m, with 
whitebark pine density, individual tree diameters (at base for juveniles and at breast height, 1.3 
m, for adults), tree heights and health recorded. The primary objective of this sampling scheme 
29 
 
was to characterize as many different habitat types, localized whitebark pine populations as 
possible across the northern extent, rather than sampling intensively at any one site.  
Other researchers or government organizations collected all other whitebark pine plot 
data used here in 1977-2014, with variation in collection method (Table 1). For instance, the size 
and shape of plots varied, as well as the type of information recorded. However, at a minimum, 
to be included in this study, data on the number and type of whitebark pine individuals within a 
recorded area were required, along with geographic coordinates for the location of the plot. 
Three whitebark pine response types were possible from the plot data: (1) presence/absence of 
whitebark pine, (2) abundance of regeneration (<1.3 m in height = “juveniles”) and (3) 
abundance of whitebark pine saplings and trees (> 1.3 m in height = “adults”). Within the 
juvenile and adult response types, there were two types of abundance estimates: (1) density 
(stems/ha) and (2) cover (% ground cover). Density data came from multiple researchers and 
government organizations: Carmen Wong (n = 90; Parks Canada, carmen.wong@canada.ca, 
Wong, 2012), Randy Moody (n = 171; randy@keefereco.com, Moody, 2006), Alberta Parks (n = 
15; joyce.gould@gov.ab.ca), E. Campbell (n = 4; elizabeth.campbell@canada.ca, Campbell & 
Antos, 2000), Matthew Gelderman (n = 69; mattgelderman@hotmail.com, Gelderman et al., 
2016), National Parks (n = 36; brenda.sheppard@pc.gc.ca), Sybille Haeussler (n = 2; 
sybille.haeussler@unbc.ca, Haeussler et al., 2009), British Columbia Ministry of Forests, Lands 
and Natural Resource Operations (n = 2, michael.murray@gov.bc.ca), and Alana Clason (n = 
139: 4 from previous studies (Clason et al., 2014) and 135 collected for this study). I also used a 
whitebark pine presence-only dataset that contained no information on abundance (from Stefan 
Zeglen, n = 75; stefan.zeglen@gov.bc.ca, Zeglen, 2002). Cover data came from the B.C. 
government biogeoclimatic ecosystem classification (BEC) program, and included areas within 
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and beyond the current northern limit for whitebark pine in B.C. BEC plots were queried for 
presence of whitebark pine (n = 160), and an additional 7367 absence plots that did not contain 
whitebark pine and were above 800 m in elevation were extracted from the BEC plot database 
(MacKenzie, 2017). This elevational cut-off was to ensure that the model did not simply describe 
the tendency for whitebark pine to be located at higher elevations, but rather tease apart the 
climatic and landscape drivers of occurrence and abundance within an elevational range that is 
generally suitable. Eight hundred metres can be considered a conservative estimate of the lower 
elevational bounds for whitebark pine in the study region (Clason et al., 2014). The number of 
absence plots (n=7546) far exceeded the number of presence plots (n=625), but as a result of the 
model structure, not all absence plots were used to estimate the local occurrence model during 
each iteration of the model (see below). Including this absence data, the total plot data available 
for presence/absence analysis was n=8160: for juvenile abundance n=8085 and for tree 
abundance n=7975 (Table 1). Juvenile density ranged from 0 to 17,000 seedlings/ha, which was 
similar to studies from other regions of the species range (Larson and Kipfmueller, 2010), and 
adult density ranged from 0 to 3467 stems/ha. 
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Table 1. Summary of plot data sources and types; P – presence, A – absence, P/A – presence and absence, AD – adult density, JD – 
juvenile density, AC – adult cover, JC – juvenile cover, H – health. Adult >1.3 m, Juveniles <1.3 m. 
Data Source 
No. of 
Plots 
General Location Date Data Type 
Mean 
Adult 
Density 
(#/ha) 
Mean 
Juvenile 
Density 
(#/ha) 
Min / Max 
Elevation 
(m) 
Alberta 
Parks 
15 Willmore, Alberta 2006-2008 P, AD, JD, H 777 394 1754 / 2210 
A.Clason 136 B.C., Alberta 2011-12 
P/A, AD, JD, 
H 
213 481 996 / 2262 
MFLNRO 2 B.C. 2013 P, AD, JD, H 245 1063 1536 / 1841 
S.Haeussler, 
A.Clason 
6 Smithers, B.C. 2007-2009 P, AD, JD, H 78 1033 782 / 1017 
BEC 160 B.C. 1977-2008 P, AC, JC 5.63* 1.29* 675 / 2233 
BEC 7367 B.C. 1977-2008 A, AC, JC 0* 0* 412 / 2276 
C.Wong 95 
Jasper, Willmore, 
Alberta 
2006-2007 P/A, AD, JD 341 3134 1553 / 2127 
E.Campbell 
4 
(averaged) 
McBride, Smithers 1995 P, AD, JD, H 481 418 1403 / 1712 
M. 
Gelderman 
69 
Jasper, Willmore, 
Alberta 
2012-2013 P, JD n/a 1398 1574 / 2230 
National 
Parks 
34 
Jasper, Banff, 
Alberta 
2003-2009 P, AD, JD 1035 291 1590 / 2739 
R.Moody 171 
Jasper, Banff, 
Alberta 
2004-2005 
P/A, AD, JD, 
H 
17 38 1465 / 2140 
S.Zeglen 75 B.C. 1998-2000 P, H n/a n/a 944 / 2337 
*Indicates mean % cover estimate instead of #/ha.
32 
 
3.3.3 Predictor Variables 
I selected two sets of predictor variables to explore the influence of climate and 
topography at the two scales of analysis: regional and local (Table 2). I selected variables based 
on ecological relevance and lack of correlation among variables at a given scale (Elith & 
Leathwick, 2009; Franklin, 2009). I chose a regional scale resolution of 2.5 km to capture 
climatic differences across small distances in the varied topography of the study region.  
I selected climate variables from 213 annual, seasonal and monthly variables generated 
by ClimateWNA (Climate western North America v.5.2.1; Wang et al., 2012). ClimateWNA 
downscales PRISM (Parameter-elevation Regressions on Independent Slopes Model) data (Daly 
et al., 2002), creating scale-free actual and derived climate variables using latitude, longitude and 
elevation with weighted correlations among weather stations from 1961-1990 baseline data 
(Wang et al., 2012). I averaged (using bilinear resampling, ArcGIS v.10.0) climate variables 
created at a resolution of 250 m, producing climate layers at 2.5 km resolution. I derived 
topographic variables from a 250 m resolution digital elevation model (DEM) produced using 
Canadian Digital Elevation Data (Natural Resources Canada, http://geogratis.gc.ca/api/en/nrcan-
rncan/ess-sst/3A537B2D-7058-FCED-8D0B-76452EC9D01F.html, accessed June 2012). I used 
ArcGIS spatial analyst (v.10.0, ESRI) to estimate solar radiation (Fu & Rich, 2002) and the 
geomorphometry and gradient metrics toolbox (v.1.01; Evans et al., 2014) to derive a compound 
topographic index (Gessler et al., 1995; Table 2). 
I used estimates of mean annual temperature (MAT) and precipitation (MAP) derived 
from ClimateWNA (Wang et al., 2012) at this scale to understand the influence of regional 
climate on whitebark pine occurrence (Table 2). To capture the effect of landscape position in 
highly varied mountainous terrain (Guisan et al., 1998) where whitebark pine occurs, I used a 
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resolution of 250 m at the local scale. Predictor variables were growing degree days (GDD), 
precipitation as snow (PAS), climatic moisture deficit (CMD), compound topographic index 
(CTI), and solar radiation (SOL; Table 2). 
Table 2.  List of climate (from ClimateWNA; Wang et al., 2012) and landscape predictor variables 
used in the regional and local-scale sub-models. 
Regional sub-model Local sub-models 
MAP Mean annual total 
precipitation (mm). Sum of 
total annual precipitation 
(mean from 1961-1990). 
PAS Precipitation as snow (mm). This is 
based on average monthly air 
temperature and total precipitation for 
each month from the start of September 
to the end of May.  
MAT Mean annual temperature 
(˚C). Sum of annual 
temperature (mean from 
1961-1990). 
GDD Growing degree-days over 5˚C. This 
measure of cumulative heat sums 
captures both growing season and 
temperature. Those sites with higher 
average monthly temperatures will have 
a greater GDD value than those sites 
that may have a longer growing season, 
but with lower temperatures. 
  
CMD Climatic moisture deficit (mm). 
Calculated as the difference between 
monthly evaporation and precipitation 
when evaporation > precipitation. A 
value of 0 indicates no moisture deficit, 
with higher values indicating greater 
CMD. This measure is adjusted for the 
effect of latitude on water evaporation.  
  
SOL Average annual solar radiation 
(WH/m2). Solar radiation quantifies the 
energy from light, taking into account 
atmospheric interference, latitude, 
elevation, slope steepness, aspect, sun 
angle shifts throughout the year, and 
shadows as a result of surrounding 
topography (Fu & Rich, 2002) 
  
CTI Compound topographic index. A 
wetness index correlated with soil 
moisture (Gessler et al., 1995). Small 
water catchments, steep slopes or hills 
would have low values of CTI. Large 
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Regional sub-model Local sub-models 
catchments, gentle slopes, depressions 
or plains would have high values of 
CTI. 
 
In the hierarchical model, I fit each variable with the quadratic term (xi + xi
2), 
approximating a Gaussian species response curve (Oksanen & Minchin, 2002), allowing a non-
linear response to environmental gradients (Whittaker, 1967; Guisan & Zimmermann, 2000). I 
centred and scaled all predictor covariates prior to analysis to facilitate model convergence and 
to compare covariate importance by examining the relative size of their parameter estimates. I 
log-transformed squared covariate terms prior to scaling to reduce skewness. Predictor covariates 
were edited in ArcGIS (version 10.0; ESRI) and in R (R Core Team, 2016) with the raster 
package (Hijmans, 2016). 
3.3.4 Model description 
I used the flexibility of a Hierarchical Bayesian statistical modelling framework (Clark, 
2005) to combine multiple scales, sources and qualities of data in one statistical model. I directly 
integrated these multiple pieces of evidence for better overall inference of species-habitat 
relationships, as well as estimates of uncertainty around all parameters (Keil et al., 2014; Talluto 
et al., 2016). The integrated model structure included two spatial scales (regional and local), 
three response types (presence/absence, density, cover) for two life history stages (adult, 
juvenile). The model has two main components: one estimating occurrence probability, and the 
other estimating abundance of whitebark pine.  
Integrating multiple scales, qualities and types of response requires careful consideration 
of the ecological system and statistical framework. In this case, I represented ecological 
relationships based on the assumption that local occurrence is a reflection of both the regional 
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and local environment. Local presence suggests that abiotic conditions may be suitable at both 
regional and local scales. Local absence, however, could reflect that the plot was located in either 
a regionally and/or locally unsuitable environment. Analysis of these two spatial scales 
separately would suggest that all local zeroes are the result of local processes, when it is possible 
that many of those absence plots may be more a reflection of a larger-scale process of habitat 
suitability, defined by regional climatic suitability. In other words, zeroes that are hierarchically 
determined to be “regionally unsuitable” do not contribute to estimation of the local model, 
increasing the ability of the model to more accurately estimate the influence of the local 
environment on whitebark pine occurrence. This structure also enabled explicit estimation of 
whether plots that did not contain whitebark pine (i.e., those north of the current species range 
limit) consisted of regionally (climatic) or locally (climatic/topographic) suitable habitat. 
3.3.4.1 Regional occurrence 
The first model component evaluates the probability of whitebark pine occurrence within 
and beyond the current northern range limit based on climate and landscape position. This 
component comprised two sub-models representing two ecologically significant scales: regional 
and local. The regional sub-model is described by: 
𝑙𝑜𝑔𝑖𝑡(𝑅)  =  𝛼𝑟  + ∑𝑩𝒓  × 𝑿𝑟     (1) 
𝐷𝑟 ~ 𝐵𝑒𝑟𝑛(𝑅)      (2) 
where Xr represents the vector of climate covariates (Table 2) with parameters αr and the vector 
of βr (one for each covariate) estimating the probability of occurrence of whitebark pine at the 
regional scale (R). Dr represents the range map presence/absence data used to fit regional 
predicted probability of occurrence (R), drawn from a Bernoulli distribution (0 or 1). The 
deterministic (Eqn. 1) and stochastic (Eqn. 2) functions are both used in Bayesian estimation, in 
36 
 
this case, estimating R. To account for estimated regional suitable habitat being on a relative 
scale based on the proportion of presences within the observed dataset, I estimated an adjustment 
parameter (A) to re-scale predicted regional occurrence (R). 
𝐴 = 𝑖𝑛𝑣𝑒𝑟𝑠𝑒. 𝑙𝑜𝑔𝑖𝑡(𝑙𝑜𝑔𝑖𝑡(𝑅) − 𝑙𝑜𝑔𝑖𝑡(𝑇))    (3) 
where A is the adjusted regional probability of occurrence, R is the raw estimate of regional 
probability of occurrence and T is the threshold value used to adjust R. Species prevalence in the 
study area was low (ca.10% of observed range data), resulting in low average predicted 
probability of occurrence. To determine whether any location should be considered suitable 
habitat for the local sub-models below, I applied the threshold (T) to distinguish between suitable 
and unsuitable habitat. The adjusted estimate of regional probability of occurrence (A) is used in 
estimating the local occurrence sub-model (Eqn. 6 below). Without this threshold, the predicted 
regional probability used in local sub-models would result in most places being considered 
unsuitable habitat, when in reality, low regional probability is in relation to the habitat available 
in the model. Determining a threshold measure should be based on the intended use of the 
occupancy map, especially for species with low prevalence (Freeman and Moisen, 2008). As the 
input data for the regional sub-model is a range map, which is an estimation of occupied 
compared to un-occupied areas and uses low quality data, I selected a relatively low threshold 
(Franklin, 2009). I used the maximum Kappa (Franklin, 2009) threshold value of 0.19 for T in 
Eqn. 3 from a preliminary run to minimize bias in predicting presence (Freeman and Moisen, 
2008; Franklin, 2009). 
3.3.4.2 Local occurrence 
The local-scale sub-model is described by: 
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𝑙𝑜𝑔𝑖𝑡(𝐿)  = 𝛼𝑙 + ∑𝜝𝒍 × 𝜲𝒍     (4) 
𝐷𝑙  ~ 𝑏𝑖𝑛𝑜𝑚(𝐿, 𝑊)      (5) 
𝑊 ~ 𝐵𝑒𝑟𝑛(𝑚𝑎𝑥(𝐴, 𝑃)),     (6) 
where Xl represents the vector of climate and topography covariates (Table 2) with parameters αl, 
and vectors of slope (𝜝𝒍) estimating the probability of local whitebark pine occurrence (L). Dl 
represents plot data (presence/absence, n = 1760).The size parameter W in the stochastic model 
(Eqn. 4), which represents whitebark pine habitat, was estimated from either A, the adjusted 
regionally suitable habitat, or P, plot-level presence. There were three possible scenarios for 
estimating whitebark pine suitable habitat (W). With local presence (P = 1), it would not matter 
whether the regional model estimated a 0 or 1 (adjusted suitable habitat; A = 0 or 1), W was 
always drawn from a Bernoulli distribution. If plot data indicated local absence (P = 0), and if 
regional habitat was estimated as suitable (A = 1), then W would be drawn from a Bernoulli 
distribution. Otherwise, if regional habitat was estimated as unsuitable (A = 0), then no draw 
occurs, and W was estimated as 0. In the first two scenarios (A=0 or 1, P =1 or A = 1, P = 0), the 
probability of local whitebark pine occurrence (L) was estimated (Eqn. 4 & 5). In the third case, 
there was no estimate of local occurrence (L). If the regional probability of occurrence was high, 
W was more often estimated as 1, and L estimated for that location. If the regional probability 
was low, W was more often estimated (at each iteration) as 0 and L was less often estimated for 
that location. At model convergence (Rhat = 1; Kéry, 2010), those plots that did not contain 
whitebark pine, but where W was more often estimated as 1, would represent locations that were 
suitable habitat (based on climate and topography), but did not contain whitebark pine due to 
processes or stochasticity not estimated in the model. This also enables prediction of the 
suitability of sites within and beyond the current northern range limit for whitebark pine, while 
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reducing the tendency of the model to over-fit these zeroes. As a result, the model structure and 
integration (via W) enabled explicit inclusion of different processes leading to zero occurrence, 
two of which are of interest: (1) where habitat is unsuitable for whitebark pine (W = 0, L = 0 or 
low); and (2) where habitat is suitable, but whitebark pine was not present due to processes or 
stochasticity not captured in the model (W = 1, but L = 0 or low). 
3.3.4.3 Adult and Juvenile Abundance 
The second model component predicts seedling or adult tree density where a plot is 
located within suitable habitat. I estimated abundance using four sub-models. Abundance data 
were observed as either density (stems/ha) or cover (% ground cover). To use all available data, I 
considered cover an estimate of density and so included an observation model on the juvenile 
and adult cover datasets to convert cover estimates to approximate density. In this way, I use 
both cover and density data to simultaneously estimate local predicted abundance. The advantage 
of doing this within a Bayesian model is that the uncertainty around the conversion parameters is 
estimated, and this uncertainty can be included in estimating the influence of climate and 
landscape on abundance. The two sub-models estimating whitebark pine juvenile or adult density 
(stems/ha) both had the same structure:  
𝑙𝑜𝑔 (𝛹𝑞)  = 𝛼𝑞 + ∑ 𝜝𝒒 × 𝜲𝒍      (7) 
𝑆𝑞 ~ 𝑛𝑒𝑔𝑏𝑖𝑛𝑜𝑚(𝐸𝑞 , Z𝑞)     (8) 
𝐸𝑞  =  𝛹𝑞  ×  𝑊 ,      (9) 
where density (Ψ) was estimated with intercept (α) and vector of slope parameters (Β) on vector 
of covariates (Xl) for either juvenile or adults (q). The stochastic model (Eqn. 8) fits the observed 
abundances (S), and is described by a negative binomial distribution with a probability (E) and 
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size (Z) parameters. The estimated density (Ψ) was constrained by whether a plot occurred within 
estimated habitat (W). If the climate and landscape position is broadly suitable for whitebark pine 
occurrence, then the density sub-models estimated juvenile and adult densities; otherwise there is 
no estimate of density as the site is not generally suitable for the species. This prevented over-
fitting unsuitable habitat zeroes in the density sub-models. I fitted the abundance sub-models 
using a negative binomial distribution as it is well suited for count data that contain many zeroes 
as well as extreme values (Bolker, 2008).  
The observation sub-models on juvenile and adult percent cover are described by: 
Ψ𝑞 =  𝑇𝑞 × 𝐹𝑞 × 𝑊𝑞      (10) 
𝐶 ~ 𝑛𝑜𝑟𝑚(𝑇𝑞 , 𝜎
2),     (11) 
where F is an estimated scaling parameter to convert between estimated percent cover (0-100) F 
and estimated densities Ψq. Estimated cover (F) was constrained by whitebark pine suitable 
habitat (W). Similar to the local occurrence sub-model, the estimate of juvenile or adult density 
only occurred when W was estimated to be 1. The stochastic model for cover data C is normally 
distributed with a mean of T and variance σ2.  
I used normally distributed, uninformative priors for all parameters (Normal(0, 100)), 
except for the size parameter of the negative binomial distributions (Z), which I gave a uniform, 
uninformative prior (Uniform(0.001,1000)) and the probability weight parameter (W, 
Uniform(0,1)). I set priors on the whitebark pine habitat parameter (W) to 1 for known whitebark 
pine occurrence (plots), drawing from a Bernoulli(0.5) distribution for all plot absences. I ran 
three chains with 200,000 iterations each, 150,000 discarded for the burn-in for each chain, with 
resulting iterations thinned to produce 1000 post-convergence (Rhat =1; Kéry, 2010) iterations 
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per chain. I assessed model fit (predictive performance; Franklin, 2009) using goodness of fit 
(R2) for juvenile and adult abundance sub-models with plot-level data, threshold-dependent 
contingency tables (Liu et al., 2011) and threshold-independent AUC (area under the receiver 
operator curve) for the occurrence sub-models (Franklin, 2009).  
3.3.5 Predicting suitable habitat 
An advantage of the integrated model structure is the ability to interpret each sub-model 
independently, and as a whole. I adjusted estimated regional and local occurrence probabilities to 
account for whitebark pine prevalence (Franklin, 2009) in each sub-model as follows. I 
compared regional predictions to range data (n=68,776) and local predictions compared to plot 
data (n=8149) to determine the optimal threshold for predicting presence and absence such that 
sensitivity=specificity (Freeman & Moisen, 2008; Franklin, 2009). From the 3000 total estimates 
in thinned model iterations after burn-in, I sampled 101 iterations randomly, and these parameter 
values were applied to the raster layers to generate 101 raster outputs for each sub-model. I used 
this reduced random sample of iterations (101) to compute and evaluate the rasters 
simultaneously. I then calculated the median cell value within each raster to determine the raster 
representing the 50% (median), 1% and 99% quantiles. This ensured that the parameter estimates 
described were all generated in the same iteration, instead of summarized across all iterations, 
which would not reflect the relationship between covariates within a sub-model during a single 
iteration.  
From the integrated regional and local occurrence sub-models, a combined map of 
predicted whitebark pine occurrence was defined by: 
𝐺 = (0.5 × 𝑅) + (0.5 × 𝐿)     (12) 
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where G represents the combined predicted occurrence, R is the regional and L is the local 
predicted occurrence probability. I mapped G spatially based on climate and topographic data 
layers with parameter estimates (Eqns. 4 and 7) and adjusted as per Eqn. 3. 
All analyses were conducted in R (v 3.3.0; R Core Team, 2016) using packages R2jags 
(v.0.5-7; Su & Masanao Yajima, 2015), which accesses JAGS (v.3.4.0; Plummer, 2003), raster 
(v.2.5-8; Hijmans, 2016), and SDMTools (v.1.1-221; VanDerWal et al., 2014). The R code used 
is documented in Section 3.7 (Appendix). 
3.4 Results 
3.4.1 Regional occurrence 
Whitebark pine is predicted to have a higher probability of occurrence in areas with 
moderate precipitation and low temperatures at the regional scale (Table 3, Figure 6 and Figure 
7a). The parameter estimate for the linear portion of the temperature effect (-1.23) was twice as 
strong a predictor of regional occurrence compared to precipitation (0.59; Table 3). All four 
covariates in the regional sub-model were important predictors of regional occurrence as the 
distribution of associated parameter values did not overlap zero. Parameter estimates with 
distributions that overlap zero suggest no or little effect of the covariate (Kéry, 2010).  
Table 3. Median, 1% quantile and 99% quantile parameter estimates for α (intercept) and vector of 
Β (slope) parameters for each sub-model. Each set of α and Β come from the single iteration 
representing either the median, 1% or 99% quantiles.  
Variable 
1% 
quantile 
Median 
Parameter 
Estimate 
99% 
quantile 
Regional Occurrence Sub-Model 
Intercept -3.17 -3.11 -3.09 
Precipitation 0.61 0.59 0.52 
Precipitation2 -0.62 -0.58 -0.57 
Temperature -1.28 -1.23 -1.23 
Temperature2 -0.21 -0.19 -0.19 
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Local Occurrence Sub-Model 
Intercept -1.84 -1.51 -1.21 
Snow -0.54 -0.44 -0.26 
Snow2 -0.89 -0.65 -0.74 
Growing Degree Days -2.58 -1.75 -1.37 
Growing Degree Days2 -0.15 -0.06 -0.17 
Drought Index 0.31 0.36 0.55 
Drought Index2 -0.70 -0.70 -0.31 
Solar Radiation 0.50 0.49 0.52 
Solar Radiation2 0.22 0.22 0.33 
Wetness Index -0.42 -0.58 -0.57 
Wetness Index 2 0.52 0.40 0.24 
Juvenile Abundance 
Intercept 6.42 6.80 7.32 
Snow 0.08 0.04 0.05 
Snow2 0.15 0.32 0.41 
Growing Degree Days -2.04 -1.75 -1.58 
†Growing Degree Days2 -0.13 -0.27 0.12 
Drought Index 1.19 0.92 1.45 
Drought Index2 -0.32 -0.39 -0.24 
†Solar Radiation -0.02 -0.06 0.02 
Solar Radiation2 -0.21 -0.20 -0.23 
Wetness Index -0.73 -0.67 -0.82 
Wetness Index 2 0.22 0.24 0.29 
Adult Abundance 
Intercept 3.65 3.99 4.31 
Snow -1.03 -1.00 -0.90 
†Snow2 -0.01 0.0015 0.01 
Growing Degree Days -2.49 -2.26 -2.04 
Growing Degree Days2 -1.41 -1.24 -1.11 
Drought Index -1.20 -1.08 -0.73 
Drought Index2 -0.22 -0.38 -0.24 
Solar Radiation 0.85 0.87 0.85 
Solar Radiation2 0.28 0.19 0.30 
Wetness Index -0.09 -0.20 -0.14 
Wetness Index 2 0.06 -0.01 0.0004 
† represents parameters whose range of values overlap zero, suggesting the variable does not contribute to 
the response.  
Generally, the regional sub-model predicted large contiguous portions (patches) of the 
Rockies and B.C. interior mountains as climatically suitable, while the Coast and Omineca 
Mountains contained less contiguous areas of suitable habitat (Figure 7a). There was regionally 
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Figure 7. (a) Regional and (b) local median occurrence probability, based on 101 random samples 
of parameter values derived from 3000 simulation runs.  
The regional sub-model was a moderately good predictor of regional observed 
occurrence (Area under the operator receiver curve (AUC) = 0.85). There was a 75% correct 
classification rate after a threshold (probability = 0.09) was applied to determine predicted 
presence and absence from the continuous probability output (sensitivity=specificity (Franklin, 
2009); Table 4). The regional sub-model was effective at predicting range absences, but less 
effective at predicting presence (Table 4). Of the 68,776 data points used in the regional model, 
62,110 were observed absences, and the vast majority (46,693) were also predicted as absences 
from the regional model (Table 4). The commission error rate was 25% (predicted present when 
observed absent), while the omission error rate (predicted absent when observed present) was 
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24% (Table 4). This overall result was driven by the regionally suitable climate habitat north of 
the range predicted presence where none was observed (Table 4, Figure 7a). 
Table 4. Confusion matrix comparing observed and predicted presence/absence. Predicted 
presence/absence was obtained by applying a sensitivity=specificity threshold on the median 
parameter estimate for regional (probability = 0.09) and local (probability = 0.43) occurrence sub-
models. 
  Observed 
Predicted Absent Present 
Absent 
Regional 46693 1603 
Local 5722 140 
Present 
Regional 15417 5063 
Local 1813 474 
3.4.2 Local Occurrence 
Local whitebark pine occurrence was most influenced by growing degree-days, which 
was at least 2.5 times as important as all other covariates. High growing degree-days had a 
negative effect on local whitebark pine occurrence (Figure 8, Table 3). High levels of snow 
precipitation also had a negative effect on occurrence, but with a strong squared term, which 
implies a less rapid decrease in occurrence at lower snow values, but an increasingly negative 
effect with increasing snow (Figure 8, Table 3). Drought index was slightly positively related to 
local occurrence at lower values; but with a strong negative squared term, this effect quickly 
turns into a negative relationship at mid- to high values of growing season drought (Figure 8, 
Table 3). Solar radiation had a positive effect and wetness index had a negative effect on local 
occurrence, with higher occurrence predicted on sites with more solar radiation, and on water 
shedding sites (Figure 8, Table 3). The posterior parameter distribution for the linear term for 
snow slightly overlapped zero, as did the squared term for growing degree-days, drought index 
and solar radiation, based on 3000 iterations (Table 3). 
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mild coastal climates and mild low elevation interior climates (Arno & Hoff, 1989). The high 
predicted occurrence probability in the north of the study area is beyond the current observed 
northern limit of whitebark pine.  
The local sub-model was moderately well predicted by the local climate and landscape 
features (AUC = 0.82). Based on an adjusted threshold value to separate predicted presence from 
absence (sensitivity=specificity of probability = 0.43; Franklin, 2009), 75% of plots were 
correctly classified, with 25% misclassified regional observations (Table 4).  
Table 5. Assessment of suitability of all plots with known presence/absence (8149) compared to 
predicted suitability based on median (1%, 99% quantiles) estimates of the whitebark pine habitat 
parameter (W), which represent regional suitability, and median (1%, 99% quantiles) predicted 
local occurrence probability, representing the local predicted suitability.  
Observed 
Predicted 
Regional 
Predicted 
Local 
# Plots 
Median (1%, 99%) 
Proportion 
Median (1%, 99%) 
Absent 
Suitable 
Suitable 31 (0, 1268) 0.004  (0,0.16) 
Unsuitable 182 (0, 4623) 0.02  (0,0.57) 
Unsuitable 
Suitable 1782 (1655, 494) 0.23  (0.20,0.06) 
Unsuitable 5540 (5880, 1150) 0.74  (0.72,0.14) 
Present 
Suitable 
Suitable 474 (430, 456) 0.77  (0.70,0.74) 
Unsuitable 140 (184, 158) 0.23  (0.30,0.26) 
Unsuitable 
Suitable n/a  n/a 
Unsuitable n/a  n/a 
3.4.3 Whitebark pine habitat 
As a result of the integrated model structure, local predictions were informed by habitat 
suitability predicted from the regional sub-model, as well as plot-level information. A unique 
model output from this approach was the ability to determine the role of climate and landscape in 
driving absence observations. This was due to the effect of regional climate suitability being 
fixed as suitable for all presence observations. For absences, the whitebark pine habitat 
parameter (W) was estimated and suggested whether absence was the result of one of four 
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possible scenarios: (1) regional and local unsuitability; (2) regional suitability but local 
unsuitability; (3) regional unsuitability but local suitability; or (4) both regional and local 
suitability, but whitebark pine was absent due to other processes not included in the model. By 
comparing predictions of regional and local suitability to observed presence/absence for each of 
the 8149 plots, if either or both the regional and the local environment were unsuitable, there was 
a very high probability that the site was observed as unoccupied (99.6% of 7535 absence plots; 
Table 5). Unsuitable regional climate alone was a strong predictor of occurrence, with 97% of 
absences found in unsuitable regional climate. Broken down into categories, the vast majority of 
observed absences were found in habitats that were both regionally and locally unsuitable areas 
(74% of absence plots), with a smaller number in habitats that were locally suitable, but 
regionally unsuitable (23% of absence plots). There was a much smaller number of absence plots 
found on sites that were regionally suitable but locally unsuitable (2%). For plots with observed 
presence, regional climate was assumed to be suitable, but our results suggest that 23% of all 
presences were located in habitats modelled as locally unsuitable (Table 5).  
3.4.4 Abundance 
Adult abundance was predicted to be greatest on sites with low degree-days, little 
climatic drought, low precipitation as snow and low wetness index (water shedding sites), as well 
as high solar radiation. Juvenile abundance was predicted to be greatest on sites with low 
growing degree-days, high climatic drought, high precipitation as snow, low wetness index, and 
low solar radiation (Table 3). Both adult and juvenile abundances were predicted to be most 
strongly related to growing degree-days. The effect of growing degree-days was stronger (larger 
negative slope; Table 3) for adults compared to juveniles. Precipitation as snow, drought index 
and solar radiation all had opposite effects on juvenile compared to adult abundance (Table 3). 
More snow was predicted to have a positive effect on juvenile abundance, but a negative effect 
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on adult abundance (Table 3). Solar radiation had a negative effect on juvenile abundance, while 
it had a positive effect on adult abundance (Table 3). Climatic drought, representing the 
difference between growing season precipitation and estimated evaporation, had a strong and 
opposite effect on juveniles and adults (Table 3, Figure 9). Juveniles were predicted to be most 
abundant in areas of high climatic drought, with greater adult abundance in areas of low climatic 
drought (Table 3, Figure 9). The wetness index was the only covariate that had a similar effect 
on both juveniles and adults, with more whitebark pine of all sizes found on water shedding sites. 
This effect was weaker for adults compared to juveniles (Table 3).  
When applied to the study area, predictions from the adult sub-model suggests their 
greatest abundance on leeward slopes of the Rocky Mountains, particularly on sunny, southeast 
facing slopes, as well as in the Omineca Mountains in the north-central portion of the study area. 
Adult abundance was generally predicted to be low across the coastal mountains (Figure 10a). 
The juvenile abundance sub-model suggests that many habitats across the study region have high 
predicted juvenile abundance, with greatest abundance on both windward and leeward slopes of 
the Coast Mountains, as well as throughout the Cariboo Mountains, the southern portion of the 
Rockies and across the Omineca Mountains in the north-central portion of the study area (Figure 
5, Figure 10b).  
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Figure 10. Estimates for the potential density (stems/ha) of (a) adult and (b) juvenile whitebark pine 
trees. 
Generally, the juvenile sub-model predicted juveniles to occur both more frequently 
(unexpected) and more abundantly (expected) across the study region compared to adults (Figure 
11). Sixty-six percent of pixels had predicted abundance greater than 0 for juveniles compared to 
53% of pixels for adults, and the median pixel abundance was 702 juveniles/ha compared to a 
median abundance of 29 adults/ha. The predicted ratio of juveniles to adults followed the general 
trends in abundance in that overall, there were more juveniles predicted across most of the study 
area. Juveniles were twice as abundant in raw plot data compared to adults for plots where 
density was observed for both life stages. There were more adults predicted on the leeward 
slopes of the Rocky Mountains, and in some areas of the Omineca Mountains (Figure 11). These 
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geographic trends correspond to a higher ratio of adults on sites with higher solar radiation, 
lower climatic drought and higher growing degree-days compared to areas with higher relative 
abundance of juveniles (Figure 9). 
Predicted abundance suggests that neither the juvenile (R2 = 0.004) nor adult (R2 = 0.026) 
sub-models had good model fit when observed densities were regressed on predicted densities 
(Piñeiro et al., 2008). Root mean square deviation (RMSD, based on parameter estimates from 
the median iteration from a sample of 101 post-burn-in model run iterations) for the adult model 
was 4100 stems/ha, while the juvenile was 5159 stems/ha. This describes the mean stems/ha 
deviation of predicted values from the observed (Piñeiro et al., 2008), reflecting a low precision 
in predicted abundance. Accuracy assessed by drawing from a negative binomial distribution 
with juvenile or adult abundances estimates (Ψ) and size parameters (Z) from median rasters 
produced a predicted distribution of values that included the observed data points for most 
juvenile plots (median of 1000 iterations = 526/528 –99.6%), and fewer plots with adults 
observed (median of 1000 iterations = 411/418 – 98.3%). In other words, both abundance sub-
models were accurate, but not precise. The abundance models are most appropriately interpreted 
in relative terms (e.g., high vs low abundance), as the actual predicted abundances from the 
model are not precise.  
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Figure 11. Geographic pattern of predicted areas of more juveniles compared to adults (yellow) or 
more adults compared to juveniles (blue) 
3.5 Discussion 
The hierarchical statistical approach employed here estimated the role of climate on 
habitat suitability across scales, as well as enabled the integration of multiple data sources in one 
analysis (Clark & Gelfand, 2006; Beck et al., 2012). High quality and quantities of data are 
lacking for many species of conservation concern globally (Richardson & Whittaker, 2010). 
However, waiting for more or better data to understand population distribution or demographics 
while threats such as habitat loss or diseases outbreaks continue can severely delay species 
conservation (Grantham et al., 2009). I demonstrate here that multiple types of data that may 
have been rejected due to different methods of collection or responses measured can be used 
within a single analysis to maximize inference of habitat requirements. The flexibility of a 
Bayesian hierarchical model enabled (1) the use of all available data in a single analysis to 
estimate parameters of interest, (2) the estimation and integration of parameter uncertainty 
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propagated throughout the statistical modelling process, and (3) the statistical model to mirror 
the ecological model of a hierarchy of climate influence across scales. Ultimately, this allowed 
greater inference about habitat suitability across scales for an endangered species that lacks 
abundant, high quality data from a single source. There would be potentially very different 
habitat projections for a species with a relatively narrow habitat range if using only coarse-scale 
or only fine-scale climate information (Franklin et al., 2013).The hierarchical model structure 
here specifically demonstrated the importance of regional climate as a coarse environmental 
sieve on occupancy. In this study, 23% of sites occupied (in the case of observed presence), or 
unoccupied (in the case of observed absence), were in locations that were not predicted based on 
the local-scale model alone. 
Similar to Lalonde et al. (2012), I find that unoccupied sites were highly predicted (97%) 
by coarse-regional climate gradients. From the addition of fine-scale climate and topography, I 
find less certainty in predictions of occurrence from local-scale abiotic environment alone (23% 
of plots that were unoccupied were predicted to occur in locally suitable habitats, and 22% of 
plots that were occupied were predicted to occur in unsuitable local habitats). This may be a 
result of the influence of local processes not captured in this analysis, such as distance to seed 
source (Moody, 2006), health of seed source (Tomback et al., 1995; Leirfallom et al., 2015), as 
well as masting/episodic seed production (Tomback et al., 1993), stand and canopy conditions 
(Larson & Kipfmueller, 2010), and disturbance history (Morgan & Bunting, 1990; Keane et al., 
1994; Campbell & Antos, 2003). The predicted range map produced from the combined regional 
and local predicted occurrences suggests that whitebark pine in the study area is located largely 
in the rain shadow of both the Coast and Rocky Mountain ranges, with the most contiguous area 
of high quality habitat located on the leeward side of the Rocky Mountains in the southern 
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portion of the study area. This supports the previously described distributional niche of 
whitebark pine as a species that is located in upper elevational habitats, absent from wet coastal 
climates, and drier climates, such as those in valley bottoms of the B.C. interior (Arno & Hoff, 
1989; McCaughey & Schmidt, 2001). Whitebark pine is predicted to be found locally on sites 
with moderate snowfall, low growing season heat, and little climatic drought, but on strongly 
water shedding sites with higher solar radiation. These findings also support the autecology of 
the species, showing preference for colder habitats, often on south-facing, water-shedding slopes 
(Weaver, 2001).  
Cold climate was the best predictor of whitebark pine occurrence and abundance at both 
regional and local scales, suggesting an important role of temperature in defining the species’ 
niche. This supports previous studies that find whitebark pine occurrence is associated with cold 
temperatures (Warwell et al., 2007; Schrag et al., 2008; Chang et al., 2014; Mathys et al., 2016). 
Generally, cold/dry climates are considered abiotically stressful compared to warm/moist 
climates, which may be limited more by biological constraints. In the context of species 
distributions, this suggests range limits are driven by abiotic stress in cold/dry environments, and 
biotic conditions in warm/moist environments (MacArthur, 1972; Brown et al., 1996). The 
negative relationship between occurrence and increasing temperature as well as the geographic 
distribution of suitable climatic and topographic habitats further north of whitebark pine’s 
current range limit suggests that the species is not presently at an abiotic stress limit in the north. 
Understanding the negative relationship to warm temperatures has important implications for 
future range shifts under a changing climate. Warm temperatures are unlikely to directly limit 
whitebark pine occurrence, as the species can survive and grow under elevated temperatures 
(McLane, 2011). However, the growth rate of whitebark pine in elevated temperatures is slow 
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compared to competitor species (Weaver & Dale, 1974; McLane, 2011). The negative 
relationship between whitebark pine and warm temperatures in our study is then most likely 
driven by competitive exclusion in more productive (warmer, low elevation) habitats. 
Juveniles and adults were both strongly influenced by similar environmental predictors 
(growing degree-days and precipitation in the form of snow), but unlike studies elsewhere in the 
range (Bell et al., 2014), I find spatial separation between areas of high predicted juvenile 
density compared to adults. Increasing temperatures in our study resulted in a steeper decline in 
adult compared to juvenile abundance (larger negative slope), suggesting warm temperatures 
have a larger negative effect on adult abundance. This suggests that the predicted decline in 
occurrence with increasing temperatures is a result of stress or mortality impacting the successful 
transition from juveniles to adults. This mechanism could be competition (Callaway, 1998; 
Campbell & Antos, 2003), or other disturbance-related mortality that may be more frequent in 
warmer climates (Logan et al., 2010) or that may interact with climate to increase mortality 
(Wong & Daniels, 2016). Including competition in models of climate-tree relationships may 
increase the ability to detect a climate signal at the plot level (Canham & Murphy, 2016).  
In addition to the north-south gradient of abundance, whitebark pine also showed a 
fragmented and east-west gradient of abundance. In mountain systems, this may be quite 
common where the structure of the landscape is a major feature of the species distributions. For 
example, within this study region, the coastal mountain ranges generally contained less 
contiguous areas of predicted suitable habitat than the Rocky Mountains. Whitebark pine occurs 
and was predicted to occur on the leeward side of the Coast Mountains in this study, where 
mountain ranges are smaller and more fragmented, with more areas of lower elevation (high 
temperature) habitat in between ranges. The climate and topographic conditions of the Coast 
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Mountains in this study suggest lower quality and quantity of suitable adult whitebark pine 
habitat, pointing at higher stress.  
3.6 Conclusions 
Temperature, and its influence on the growing season, is a strong predictor of occurrence 
and abundance of whitebark pine across scales and life history stages. The relationship between 
surface air temperatures and whitebark pine is negative, with higher temperatures having a lower 
probability of occurrence and fewer seedlings or trees expected. This suggests two important 
predictions for understanding the role of climate in shaping the niche of this endangered species 
at its northern limit: (1) cold temperature is unlikely the primary driver of the current northern 
distributional boundary and, (2) warmer temperatures with changing climate are unlikely to 
benefit this species. Generally, juvenile habitat is predicted to occur more broadly across the 
northern distribution of whitebark pine, with high quality adult habitat in the southern, leeward 
portions of the Rocky Mountains. The geographical distribution of these juvenile and adult 
habitats will influence future range dynamics.   
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3.7 Appendix. R script for the hierarchical Bayesian statistical model. 
#Priors: 
alpha ~ dnorm(0, 0.0001) 
B.alpha ~ dnorm(0, 0.0001) 
ralpha ~ dnorm(0, 0.0001) 
talpha ~ dnorm(0, 0.0001) 
r.rescale ~ dnorm(0,0.0001) 
t.rescale ~ dnorm(0,0.0001) 
r.size ~ dunif(0.0001,1000) 
t.size ~ dunif(0.0001,1000) 
sigma ~ dunif(0, 100) 
tau <- 1 / (sigma * sigma) 
 
#Priors on regional covariates: 
for(i in 1: n_r_X){ 
  B.beta[i] ~ dnorm(0,0.0001) 
} 
 
#Priors on local covariates 
for (b in 1:n_X){ 
  beta[b] ~dnorm(0,0.0001) 
  B.rbeta[b] ~dnorm(0,0.0001) 
  B.tbeta[b] ~dnorm(0,0.0001) 
} 
 
#Likelihood 
#Regional sub-model 
for(ri in 1:n_r){ 
  WBP_p_rast[ri] <- 1/(1+exp(-lp_rast[ri])) 
  lp_rast[ri] <- B.alpha + inprod(B.beta[],r_X[ri,]) 
  pres[ri] ~ dbern(WBP_p_rast[ri]) 
 
  Logit_adj_WBP_p_rast[ri] <- logit(WBP_p_rast[ri]) - logit(Thresh) 
  adj_WBP_p_rast[ri] <- ilogit(Logit_adj_WBP_p_rast[ri]) 
} 
 
#Local Sub-model 
for (ijk in 1:(r+c+p)) { 
  WBP_p[ijk] <- 1 / (1 + exp(-lp[ijk])) 
  lp[ijk] <- alpha + inprod(beta[],X[ijk,]) 
  In_Out[ijk] ~ dbin(WBP_p[ijk], WBP_Hab[ijk]) 
 
  WBP_Hab[ijk] ~ dbern(max(adj_WBP_p_rast[rast_allPlots_ind[ijk]], 
Hab_Ident[ijk])) 
} 
 
#Juvenile abundance sub-model 
for (ij in 1:(r+c)){ 
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  log(r.est.density[ij]) <-ralpha + inprod(B.rbeta[],X[ij,]) 
}   
 
for (i in 1:r){ 
  r.constrainedWBP_dens[i] <- r.est.density[i] * WBP_Hab[i] 
  r.prob[i] <- r.size/(r.size + r.constrainedWBP_dens[i]) 
  r_dens[i] ~ dnegbin(r.prob[i], r.size)   
}  
 
#Adult abundance sub-model 
for (tj in 1:(t+c)){ 
  log(t.est.density[tj]) <- talpha + inprod(B.tbeta[],X[tj,]) 
} 
 
for (ti in 1:t){ 
  t.constrainedWBP_dens[ti] <- t.est.density[ti] * WBP_Hab[o+t_r+ti] 
  t.prob[ti] <- t.size/(t.size + t.constrainedWBP_dens[ti]) 
  t_dens[ti] ~ dnegbin(t.prob[ti], t.size)     
}  
 
#Observation models on cover data  
for (j in 1:c){ 
  #Juveniles 
  r.DetCover[j] <- r.est.density[j+r]*r.rescale 
  r.constrainedDetCover[j] <- r.DetCover[j] * WBP_Hab[j+r]  
  r_cover[j] ~ dnorm(r.constrainedDetCover[j],tau) 
   
  #Adults 
  t.DetCover[j] <- t.est.density[j+t]*t.rescale  
  t.constrainedDetCover[j] <- t.DetCover[j] * WBP_Hab[j+r] 
  t_cover[j] ~ dnorm(t.constrainedDetCover[j],tau) 
}     
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4 Large-scale biotic and coevolutionary drivers of a species 
distribution limit 
4.1 Abstract 
Biotic interactions play an important role in shaping ecological communities, but are not 
often thought to shape species distributions at macro-scales. The plant-animal co-evolved 
mutualism between whitebark pine (Pinus albicaulis) and Clark’s nutcracker (Nucifraga 
columbiana), as its exclusive seed dispersal agent, presents an opportunity to investigate the 
influence of species interactions and wider ecological networks on the geographic range of a 
focal species. Alternative statistical models of the abiotic (climate and topography) and biotic 
(dispersal and competition) drivers limiting current whitebark pine distribution were fit to 
juvenile density data using heuristic optimization. Model fit was compared to determine support 
for the abiotic or biotic hypotheses. The best model suggests that increasing distance from core 
whitebark pine sources combined with increasing isolation between those sources and an 
alternate food source and habitat for Clark’s nutcrackers, Douglas-fir (Pseudostuga menziesii), 
along with abiotic suitability, best explains the current northern limit of whitebark pine. These 
findings demonstrate empirically how a positive biotic relationship interacts with the abiotic 
environment to restrict a species’ range, with significant implications for forecasting future range 
dynamics. This study also demonstrates how ecological networks – such as the host-disperser-
alternate host system represented by the whitebark pine, Clark’s nutcracker, Douglas-fir 
interactions here — can contribute to species distribution dynamics. 
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4.2 Introduction 
The abiotic environment, specifically regional climate, is often considered to be a 
primary constraint on the distribution of biomes, ecoregions and most of the world’s species 
(Woodward, 1987). Many species distribution models (SDMs) are built on this foundation, 
relating the current observed distribution of a species with associated abiotic or climatic 
conditions (Franklin, 2009). These SDMs are best described as representing the realized niche or 
suitable habitat, given that locations of current occupancy suggest successful filtration through 
the constraints of both the fundamental and realized niche (Austin, 2002; Guisan & Thuiller, 
2005; Franklin, 2009). The correlation of environmental constraints and current species 
distribution is then often used to project potential future habitat under changing environments 
(Guisan & Zimmermann, 2000). Species distribution models that incorporate factors such as 
disturbance (Asselin et al., 2003), biotic interactions (Morales-Castilla et al., 2015), and 
dispersal (Svenning & Skov, 2004; Shafer et al., 2010) describe a more mechanistic relationship 
between species and their realized niche, resulting in more realistic — and possibly very 
divergent — predictions of potential future distributions (Guisan & Thuiller, 2005).  
The factors constraining species distributions are often associated with different spatial 
scales: climate influencing species distributions at the coarsest scales (regional to global) and 
biotic interactions at the finest (micro to local; Woodward, 1987; Pearson & Dawson, 2003; 
Morin et al., 2007; McGill, 2010; Belmaker et al., 2015). It is now recognized that biotic 
interactions can influence species distributions at coarse scales by modifying the environment 
experienced by focal species (Heikkinen et al., 2007; Sexton et al., 2009; Gotelli et al., 2010; 
Meier et al., 2010; Stanton-Geddes et al., 2012; Wisz et al., 2013; Afkhami et al., 2014; Brown 
& Vellend, 2014). The conditions under which biotic interactions occur can then be important in 
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determining the importance and direction of these interactions at macro-scales. For instance, the 
direction of the interaction (negative or positive) may vary along a stress gradient, with positive 
interactions more common in stressful environments and negative in less stressful environments 
(Bertness & Callaway, 1994; Callaway, 1998; Stachowicz, 2001). High-latitude range margins in 
particular are frequently associated with abiotic stress due to physiological maladaptation 
(Eckhart et al., 2011; Ettinger et al., 2011) or phenology (Chuine & Beaubien, 2001; Morin et 
al., 2007; Chuine, 2010), while range edges at lower latitudes may be associated with negative 
biotic interactions (Connell, 1961; Brown et al., 1996). Positive biotic interactions may then 
enable range edges to extend further into abiotically stressful conditions (Afkhami et al., 2014), 
while negative biotic interactions may cause restrictions in distribution before abiotic niche 
limits have been reached (Brown & Vellend, 2014). Nevertheless, positive interactions likely 
exist in many settings because stress amelioration is only one of the many ways that species 
benefit one another (McIntire & Fajardo, 2014).  
Species ranges being limited by the abiotic environment (niche limit) additionally 
assumes seed dispersal is ubiquitous across the landscape. Observed distributions reflect abiotic 
habitat suitability in this context, but dispersal or seed limitation could result in only a portion of 
suitable habitats being occupied (Levine & Murrell, 2003). Plant occurrence in particular 
requires the dispersal of seed, rhizomes or other propagules to abiotically suitable sites. Dispersal 
can then directly result in a range edge where environmental gradients are weak, as a result of 
fewer neighbours, increasingly fragmented habitats, lower connectivity or higher habitat 
isolation (Moilanen et al., 1998; Case et al., 2005). Mechanistic prediction of seed dispersal by 
tree species remains challenging, particularly for those with zoo-dispersal (Nathan & Muller-
Landau, 2000; Herrmann et al., 2016). The dispersal of seed at short and long distances will 
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depend on the abundance and location of mature individuals, the vector of dispersal, whether 
wind or animal (Clark et al. 1999, Nathan &Muller-Landau 2000, Nathan et al. 2003). Patterns 
of seedling recruitment, in turn, reflect the effective dispersal of seed and the suitability of 
environmental conditions for seedling emergence (Malanson et al., 2007; Johnstone et al., 2010; 
Maloney, 2014). The inclusion of dispersal processes can improve SDM prediction/performance 
(Boulangeat et al., 2012; García-Valdés et al., 2015), with dispersal a potentially significant 
limiting process for many tree species (Svenning & Skov, 2004). However, testing this explicitly 
and simultaneously with other processes shaping range boundaries remains a challenge. 
Whitebark pine (Pinus albicaulis Engelm.) is a high-elevation tree species, found in 
subalpine and treeline ecosystems of western North America (Weaver, 2001). It is currently in 
decline and considered a species-at-risk due to the combined effects of an exotic pathogen 
(Cronartium ribicola J.C. Fisch; McDonald & Hoff, 2001) and outbreaks of the endemic 
mountain pine beetle (Dendroctonus ponderosae Hopkins; Campbell & Antos, 2000; Logan et 
al., 2010). Its highly nutritious seed supports a wide network of wildlife, particularly its co-
evolved seed dispersal agent, the Clark’s nutcracker (Nucifraga columbiana Wilson; Tomback, 
1982, 2001). Birds generally disperse seed farther than wind (Willson, 1993; Clark et al., 2005), 
with animal- and bird-dispersed seed better represented by dispersal kernels (dispersal 
probability as a function of distance from source) with fatter tails (greater probability of long 
distance dispersal; Clark et al., 2005). Clark’s nutcrackers are scatter-hoarding birds, collecting 
whitebark pine seeds and caching them across a variety of habitats (Lorenz et al., 2011) for later 
consumption and the feeding of young (Tomback, 2001). This results in frequent long-distance 
seed dispersal, requiring a fat-tailed dispersal kernel (Pesendorfer et al., 2016). Clark’s 
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nutcrackers have been documented to disperse seed up to 32.6 km from source trees, with a 
median distance of 5.2 km (Lorenz et al., 2011).  
Whitebark pine is a poor to moderate competitor with other tree species, particularly 
susceptible to competitive pressures in more productive environments, such as at lower 
elevations (Keane et al., 1994; Campbell & Antos, 2003; Clason et al., 2014). Competition can 
influence forest plant distribution at fine and coarse scales (Gotelli et al., 2010; but see Araújo & 
Rozenfeld, 2014). Consequently, the inclusion of co-occurring competitors (Heikkinen et al., 
2007; Meier et al., 2011; Freeman & Mason, 2015; Naujokaitis-Lewis & Fortin, 2015) or index 
of co-occurring species (Boulangeat et al., 2012) as predictors within species distribution models 
can be effective at improving predictions of species distribution and abundance. 
Whitebark pine is also a masting species, producing abundant seed in one year, followed 
by years of low seed production (Rapp et al., 2013). Clark’s nutcrackers can change their 
foraging and caching behaviour based on changing seed resources (Vander Wall, 1988; 
Schaming, 2015). As a result, for Clark’s nutcracker to survive years of low whitebark pine seed 
production, alternative food sources must be accessed. These birds frequently establish home 
ranges that may contain whitebark pine, but are dominated by alternative food sources such as 
ponderosa pine (Pinus ponderosa Douglas; Lorenz et al., 2011) or Douglas-fir (Pseudotsuga 
menziesii, (Mirb.) Franco; Lorenz et al., 2011; Schaming, 2016), even when suitable whitebark 
pine habitat is available (Schaming, 2016). The number of alternative food sources decreases at 
the northern range limit of whitebark pine however, and many areas at the northern extent of 
whitebark pine’s range lack alternative food sources for Clark’s nutcrackers for upwards of 150 
km. 
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The whitebark pine-Clark’s nutcracker co-evolved mutualism presents an ideal system to 
evaluate whether positive species interactions can affect large-scale patterns in species 
occurrence, and ultimately range edge dynamics. This relationship has been extensively 
documented, as one where the plant is fully dependent on the animal for reproductive success 
(seed dispersal), but where the animal can (and often does) make use of alternative food sources 
for survival or nesting habitat (Tomback, 1982; Tomback & Linhart, 1990; Tomback, 2001; 
Lorenz et al., 2011). Recent evidence suggests that this may be an obligate mutualism for both 
species, as Clark’s nutcrackers may survive but may not be able to reproduce on alternative 
foods such as Douglas-fir seeds (Schaming, 2015). While the whitebark pine-Clark’s nutcracker 
relationship is well documented, I propose that this positive interaction is a potential driver of 
patterns in whitebark pine distribution. Specifically, the dispersal behaviour of Clark’s 
nutcrackers may explain the existence of unoccupied suitable habitat for whitebark pine. Climate 
alone appears unable to explain the current northern distributional boundary of whitebark pine, 
with ample suitable climatic habitat north of the range edge (McLane & Aitken, 2012, Chapter 
3), and there is experimental evidence of seed germination and seedling establishment within this 
climatically suitable habitat north of the current species boundary (McLane & Aitken, 2012).  
My objective is to determine the processes shaping the northern distributional limit of 
whitebark pine. To do this, I combine abiotic and biotic processes into a multiple hypothesis 
framework. I used the abiotic habitat as estimated previously using a mechanistic model of 
climate and topography across scales (Chapter 3). For our biotic effects, I tested competition and 
a series of dispersal hypotheses. All hypotheses were fit to juvenile (<1.3 m height) whitebark 
pine density (stems/ha) data from within and beyond (i.e., zeroes) the current northern 
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distributional range limit, as juvenile density represents the outcome of seed dispersal, 
establishment and survival, without additional processes affecting longer term survival. 
4.3 Methods 
4.3.1 Study Area  
The study area was located at the northern edge of whitebark pine’s range in British 
Columbia and Alberta, Canada, extending from 114 to 132ºW and 52 to 57ºN (Figure 12). 
Whitebark pine in this area occurs in two distinct regions: the Central Coast, Skeena and 
Omineca Mountains in the west, and the Rocky Mountains in the east. The study area also 
contains the northern range limit of two species that serve as alternate food sources for Clark’s 
Nutcrackers: Douglas-fir and ponderosa pine (Figure 13).  
4.3.2 Data  
4.3.2.1 Whitebark pine data  
I used multiple sources of juvenile whitebark pine density data. One source was from my 
collections as part of this study; other datasets included those collected independently by other 
researchers and government organizations over three decades, resulting from varied methods of 
collection and sampling designs (Chapter 3). To be included in the study, the datasets had to 
have the number of individual whitebark pine seedlings (height < 1.3 m), had to have identified 
the sample area surveyed, and had to have geographic coordinates for the location of the plot. 
My total sample size of juvenile density plots, including those with known 0 stems/ha plots (i.e. 
visited and counted) was n =728, comprised of data contributed by Carmen Wong (n = 90; Parks 
Canada, carmen.wong@canada.ca, Wong, 2012) , Randy Moody (n = 171; 
randy@keefereco.com, Moody, 2006), Alberta Parks (n = 15; joyce.gould@gov.ab.ca), Elizabeth 
Campbell (n = 4; elizabeth.campbell@canada.ca, Campbell & Antos, 2000), Matthew 
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Gelderman (n = 69; mattgelderman@hotmail.com, Gelderman et al., 2016), National Parks (n 
=36), British Columbia Ministry of Forests Lands and Natural Resource Operations (n = 2, 
michael.murray@gov.bc.ca), Sybille Haeussler (n=2, sybille.haeussler@unbc.ca, Haeussler et 
al., 2009) and Alana Clason (n = 140: 4 from previous studies (Clason et al., 2014) and 135 
collected for this study). 
 
Figure 12. The study area (grey) extends from 52 to 57 ˚N in central British Columbia and Alberta, 
Canada, and encompasses the northern-most populations of whitebark pine and all mountainous 
terrain within that range. Polygons (red) represent the current range of whitebark pine (Whitebark 
Pine Ecosystem Foundation 2014 and Ch. 1). 
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An additional 200 absence plots were added to the dataset by randomly sampling 7367 
plots that were extracted from the British Columbia Biogeoclimatic Ecosystem Classification 
(BEC) plot database (MacKenzie, 2017), were within the study region, did not contain whitebark 
pine and were above 800 m in elevation. This elevational cut-off ensured that the model did not 
simply describe the tendency for whitebark pine to be located at higher elevations, but 
determined drivers within an elevational range that is generally suitable. Only 200 additional 
absences were included to maintain a relatively equal balance of zero and non-zero plots, 
avoiding a zero-inflated distribution. Across the empirical dataset as a whole, juvenile density 
ranged from 0 to17,000 seedlings/ha, which was similar to that determined in other regions of 
the species’ range (Larson & Kipfmueller, 2010). As I was not interested in change over time in 
this study, and growth of this species is very slow, I considered the wide range of sampling dates 
(1977-2013) to have no detectable effect on our processes of interest. 
4.3.2.2 Forest Cover 
Whitebark pine and Douglas-fir 
I compiled existing forest cover maps of whitebark pine and alternative food sources to 
whitebark pine for Clark’s Nutcracker. In the study area, Douglas-fir and ponderosa pine (Pinus 
ponderosa) are the only potential alternative foods. Maps of all three of these species were 
obtained from the British Columbia (B.C.), Alberta and federal governments.  These spatial data 
sets were the B.C. vegetation resource inventory (VRI; 
https://catalogue.data.gov.bc.ca/dataset/vri-forest-vegetation-composite-polygons-and-layer-1), 
the Alberta vegetation inventory (AVI; http://aep.alberta.ca/forms-maps-services/maps/resource-
data-product-catalogue/forest-vegetation-inventories.aspx), and the Parks Canada ecological land 
classification (ELC; Holland & Coen, 1993). The ELC was queried to determine which polygons 
70 
 
had a dominant vegetation type identified as one that contained either Douglas-fir or whitebark 
pine. Percent cover values for each tree species were then assigned to the polygon based on 
median cover value from 10 representative stands for that vegetation type (Holland & Coen, 
1993). There was no ponderosa pine in the national parks or on the Alberta side of the study area. 
The three data sources (VRI, AVI, and ELC) were combined for each species, converted to a 
raster at 250 m resolution, and aggregated to 2.5 km pixel resolution based on the mean of 
contributing pixels. The resulting 2.5 km resolution forest cover layers were used for analyses, 
with pixels representing the % cover of a given tree species (Figure 13). Due to the minimal 
presence of ponderosa pine (13 pixels in the study area), this species was removed from the 
analysis as its contribution to Clark’s nutcracker potential dispersal in the study area is trivial. 
Competitor species 
Data on the three primary competitors within this study region - subalpine fir (Abies 
lasiocarpa), Engelmann spruce (Picea engelmannii) and lodgepole pine (Pinus contorta) - were 
extracted from the Canadian Forest Service database of national forest attributes produced from 
the National Forest Inventory and Moderate Resolution Imaging Spectroradiometer (MODIS) 
data (Beaudoin et al., 2014). The quality of these forest cover maps can be considered low as 
indicated by the fit of predicted to observed ranges (subalpine fir R2 = 0.36; Engelmann spruce 
R2 = 0.30; and lodgepole pine R2 = 0.59). But given the coarse scale of this study (2.5 km 
resolution) and lack of alternative complete coverage of forest composition across provincial and 
administrative boundaries, these data were considered adequate to represent the location and 
relative abundance of competitor tree species. Each species was aggregated to 2.5 km pixels by 
using the mean (Figure 14).  
71 
 
 
Figure 14. Relative abundance of (a) subalpine fir, (b) lodgepole pine, and (c) Engelmann spruce in the study area. 
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predicted habitat suitability for species occupancy (either or both occurrence of juveniles or 
adults), or the predicted habitat suitability of (2) adult or (3) juvenile whitebark pine only (Table 
6). All three estimates of suitable habitat were evaluated in the current study using median 
parameter estimates from the hierarchical abiotic species distribution model developed in 
Chapter 3.  
Table 6. Description of alternative hypotheses. The potential variables were fit with Akaike 
Information Criterion (AIC) scores compared across these statistical models. The final variables 
included in the model represent those with best model fit for a given hypothesis. 
Model 
# 
Mechanism Hypotheses Potential Variables 
Final Variables Included 
in Model 
1 
Habitat 
(Abiotic) 
Habitat 
occupancy predicted 
habitat occupancy predicted 
habitat predicted juvenile habitat 
predicted adult habitat 
2 
Dispersal 
(Biotic) & 
Habitat 
(Abiotic) 
Seed Source 
Dependent 
- seed source location 
-seed source abundance 
- habitat 
- seed source location 
-seed source abundance 
- habitat 
3 
Dispersal 
Distance 
Limited 
- seed source location 
- seed source abundance 
- dispersal distance 
- habitat 
- seed source location 
- dispersal distance 
- habitat 
4 
Seed Source and 
Dispersal 
Distance 
Limited with 
Alternate Food 
Sources 
- seed source location 
- seed source abundance 
- alternate food source 
location 
- alternate food source 
abundance 
- dispersal distance 
- habitat 
- seed source location 
- seed source abundance 
- alternate food source 
location 
- alternate food source 
abundance 
- dispersal distance 
- habitat 
5 
Dispersal 
Distance 
Limited from 
Alternate Food 
Sources 
- alternate food source 
location 
- alternate food source 
abundance 
- dispersal distance 
- habitat 
- alternate food source 
location 
- dispersal distance 
- habitat 
6 
Competition 
(Biotic) & 
Habitat 
Competition 
- Pinus contorta  
- habitat 
Pinus contorta 
- Picea engelmannii 
- habitat 
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(Abiotic) - Abies lasiocarpa 
- habitat 
 
4.3.3.2 Competition 
The effect of competitive biotic interactions on the northern distributional limit of 
whitebark pine was assessed by the co-occurrence of whitebark pine and three competitor 
species (lodgepole pine, Engelmann spruce, and subalpine fir) as a proxy to the process of 
competition (Morales-Castilla et al., 2015). Competition was also evaluated by the interaction 
between competitors and suitable climatic habitat for whitebark pine. 
4.3.3.3 Dispersal 
In light of several potential mechanisms of dispersal, I compared four mechanistic 
hypotheses of biotic dispersal. Here “local” dispersal indicates that the abundance of adults in a 
pixel affects the abundance of juveniles in that same pixel (i.e, <2.5 km distances), and “long-
distance” dispersal indicates that neighbouring pixels can influence the expected number of 
juveniles in a given pixel: 
(1) Seed Source Dependent: Clark’s nutcrackers disperse seeds locally from whitebark 
pine, with no long-distance dispersal. This is a simple overlay of adult abundance pixels with 
juvenile abundance plots. 
(2) Dispersal Distance Limited: Clark’s nutcrackers disperse seeds from adult whitebark 
pine (local and long-distance). This tested the role of quantity and relative proximity of seed 
sources to recipient pixels on juvenile density. 
 (3) Seed Source and Dispersal Distance Limited with Alternate Food Sources: A coupled 
dispersal model that included two components: Clark’s Nutcracker dispersal starting from 
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Douglas-fir and moving towards whitebark pine, followed by seed dispersal from whitebark 
pine. The biological rationale for this hypothesis was that nearby abundance of Douglas-fir 
would augment the availability of dispersers to move seeds from adult whitebark pine to seed 
plots, since Douglas-fir acts as an alternate food source and as home range habitat for the 
nutcrackers. Those whitebark pine source pixels that are closer to these habitats would be given 
higher dispersal potential, due to potential greater abundance of Clark’s nutcrackers. The 
dispersal process therefore had three stages: (1) Clark’s nutcrackers use Douglas-fir forests as 
part of their home range; (2) they seek and successfully reach whitebark pine forests from their 
Douglas-fir starting point based on a distance-decay function; the more nutcrackers that 
successfully arrive at whitebark pine forests augment the potential dispersal from those 
whitebark pine stands; and (3) Clark’s nutcrackers disperse seed from whitebark pine sources. 
(4) Dispersal Distance Limited from Alternate Food Sources: This tested the role of 
alternate food or home range location of Clark’s nutcrackers (within Douglas-fir) on whitebark 
pine juvenile density. Seed was not explicitly part of this hypothesis; rather the idea was to test 
whether Douglas-fir location, abundance or proximity, representing potential food sources and 
nutcracker home range, were a good predictor of whitebark pine juvenile density. In other words, 
whitebark pine juvenile density is predicted by distance to suitable home range and alternate 
food source habitat. 
  Dispersal functions 
Including biotic interactions through co-occurrence alone is likely not adequate for plant-
animal pollinator or disperser systems (Giannini et al., 2013). As a result, a flexible dispersal 
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function was developed to capture the interactions between species locations, abundances and 
the abiotic environment. The full dispersal model function was defined by: 
𝑋𝑗 =
𝐻𝛼𝑖∗𝐴𝑖
𝛽𝑖
𝑐 +max(0,𝐷𝑖 − γ𝑖)
−δ𝑖
,     (13) 
where j represents the different hypotheses, i represents whether the function was applied to 
Douglas-fir (hypothesis 3 and 4) or whitebark pine (hypothesis 1, 2, 3). Hypothesis 3 uses Eqn. 
13 twice; once with i =Douglas-fir, and once with i =whitebark pine. D represents the distance 
between a source and receiving pixel with parameters γ (shoulder distance, ranging between 0 
and 100), and δ (distance decay parameter, ranging between 0 and 3) estimating the distance-
dependent relationship. In the case of i = Douglas-fir, D would estimate the distance from 
Douglas-fir to whitebark pine, whereas if i = whitebark pine, D would estimate the distance away 
from whitebark pine. In all cases, c represents the size in km of a single pixel (constant). H 
represents the abundance of suitable whitebark pine abiotic habitat with parameter αi (parameter 
αi could vary between 0-3). A represents abundance of either whitebark pine or Douglas-fir with 
parameter βi (parameter βi could vary between 0-5). The inverse power law distance function 
used here resulted in a “fat tail”, enabling long-distance dispersal events (Nathan & Muller-
Landau, 2000). The estimation of a “broad shoulder” differentiates this dispersal function from 
many others. The γ parameter defined whether the exponential decline in probability of dispersal 
begins at close or far distances, representing the ‘cruising’ behaviour (McLane, 2016) of Clark’s 
nutcrackers in search of food or caching sites.  
The coupled whitebark pine-Douglas-fir model (#3 Table 6 - Seed Source and Dispersal 
Distance Limited with Alternate Food Sources) required estimation of an augmentation effect 
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from increased potential dispersal capability from Clark’s nutcrackers that located whitebark 
pine due to their proximity to Douglas-fir.  This last stage of the mixed dispersal process was 
described by:  
A = Ak * (1+ φ*F) ,     (14) 
where Ak represents the whitebark pine seed source abundance, F represents the Douglas-fir 
effect and φ estimated the linear scale of that effect. Eqn. 14 calculates a new value of A, which 
is used in the second Eqn. 13 (distance from whitebark pine seed source, augmented by Clark’s 
nutcrackers dispersed from Douglas-fir) for hypothesis 3.  
4.3.4 Analysis 
For all dispersal hypotheses, dispersal function parameters were fit with a heuristic 
optimizer (DEoptim v.2.2-3; Ardia et al., 2014), which altered dispersal function parameter 
values. This generated prediction surfaces that were fit to the negative binomial linear model of 
predicted values (predicted whitebark pine suitability score) to juvenile density, with the Akaiki 
information criterion (AIC) value being minimized by the optimizer. The modes of pseudo-
bootstrapped parameter estimates (1000 re-sampled iterations of 40 population estimates from 
DEoptim final iteration; Sarah Bauduin pers. comm.) were used to estimate the final models for 
the dispersal functions, with AIC differences based on best fit model parameters used for model 
selection within each hypothesis and across all biotic dispersal, competition and abiotic 
hypotheses. The mode was used to describe the most frequent estimate from the final populations 
of the DEoptim optimizer. Each population represents a unique optimizer run, with the estimates 
converging on best fit parameter estimates independently. The most frequent estimate (mode) 
would then best describe the outcome. 
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For all six mechanistic hypotheses, I tested the statistical support for the full model and 
simpler alternatives by removing variables using backwards variable selection. I started with the 
most complex and reduced variables until there was a large increase in the AIC value (Burnham 
& Anderson, 2002) with the next variable removed (Appendix 4.7). I ultimately compared six 
models representing the six hypotheses, to determine which had the strongest support based on 
their relative AIC scores (Burnham & Anderson, 2002). All parameters within each model were 
estimated on normalized covariates (between 0 and 1) to ensure exponent parameters in the 
dispersal models would be on the same scale, and the linear model was comparable across 
hypotheses. I compared each hypothesis using the linear model: 
Y ~ negbinom (Xj ,  θj) ,     (3) 
where X represents predicted values (predicted whitebark pine suitability score) from hypothesis 
j on a log scale, which was then re-scaled between 0 and 1. Y is the observed values of juvenile 
abundance (stems/ha) and θ the dispersion parameter for the negative binomial model. As Y 
values were over-dispersed, the linear model was fit with a negative binomial distribution 
(Bolker, 2008). In spite of the large number of zeroes in our seedling dataset, I did not use the 
phenomenological zero-inflated linear model (Potts & Elith, 2006; Zeileis et al., 2008). Instead, I 
explicitly included dispersal, which may be a primary mechanism that generates high numbers of 
zeroes and variable abundance simultaneously. I did not include any calculation of the effects of 
density dependence in the seedlings plots as my data did not show any biological threshold for an 
upper limit to density values. 
I used several metrics to evaluate the overall fit of predicted estimates of juvenile density 
to observed data. I used D2 (deviance reduction; Guisan & Zimmermann, 2000), root mean 
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square deviation (RMSD; Piñeiro et al., 2008), as well as Pearson (r) and Spearman (ρ, ranked) 
correlations. I present multiple metrics to provide a more comprehensive look at the fit of the 
predicted data to the observed, but AIC was the only metric used to select the best model.  
Analysis was conducted in R (v.3.2.2; R Core Team, 2016) on the Compute Canada 
(www.computecanada.ca) Westgrid (www.westgrid.ca) grex cluster, using the SpaDES (v.1.3.1; 
(Chubaty & McIntire, 2016), DEoptim (v.2.2-3;(Ardia et al., 2014), raster (v. 2.5-8; (Hijmans, 
2016), parallel (v.4.1-10; (R Core Team, 2016a), and MASS (v.7.3-45;(Venables & Ripley, 
2002) R packages. Maps produced on the basis of results were generated in ArcGIS (v.10.0; 
ESRI). 
4.4 Results 
Based on the lowest AIC value, whitebark pine juvenile density was best predicted by the 
biotic dispersal hypothesis with both whitebark pine and Douglas-fir, interacting with abiotic 
habitat (“Seed Source and Dispersal Distance Limited with Alternate Food Sources”; Table 7, 
Figure 16). This hypothesis is based on a two-part biotic dispersal process; the abundance of 
juvenile whitebark pine is affected by both the abundance of whitebark pine adults and Douglas-
fir in conjunction with habitat suitability. Model fit metrics such as higher variance explained 
(D2), highest correlation (r or ρ), lower intercept (α) and higher slope (β) from a regression of 
predicted and observed values all are consistent with the AIC values (Table 7).  
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Table 7. Model fit of the six alternative hypotheses. The Akaike Information Criterion (AIC) was 
used for model selection and hypothesis testing. Variance explained (D2), RMSD, cross-validated 
RMSD, Pearson and Spearman (rank) correlation coefficients from predicted and observed values, 
and the intercept (α) and slope (β) of the linear regression of predicted on observed values of 
juvenile density were also used to assess model fit. An intercept of 0 and slope of 1 indicate perfect 
fit.  
Hypothesis AIC D2 RMSD α β 
Pearson 
(r) 
Spearman 
(ρ) 
Seed Source and 
Dispersal Distance 
Limited with 
Alternate Food 
Sources 
6732 0.23 1726 73.33 0.59 0.33 0.44 
Dispersal Distance 
Limited  6737 
0.22 1916 311.86 0.31 0.19 0.39 
Seed Source 
Dependent 
6751 0.20 1807 402.68 0.31 0.13 0.38 
Dispersal Distance 
Limited from 
Alternate Food 
Sources 
6828 0.10 1695 51.79 0.81 0.25 0.37 
Habitat 6831 0.09 1745 230.37 0.53 0.18 0.36 
Competition  6884 0.01 1785 566.12 0.13 0.03 0.26 
 
The parameter estimates from the “Seed Source and Dispersal Distance Limited with 
Alternate Food Sources” hypothesis suggest a long cruising distance (shoulder) from Douglas-fir 
to whitebark pine (mode γDF = 63 km; Table 8), with a sharp decline in flight dispersal after this 
distance (high parameter estimate for the distance decay exponent; Table 8, Figure 17). High 
Douglas-fir abundance (βDF; Table 8) contributed to Clark’s Nutcracker dispersal in this 
hypothesis from Douglas-fir to whitebark pine (inflection point at 82% cover of Douglas-fir), 
whereas lower abundances of whitebark pine (βWBP; Table 8) were important in predicting seed 
dispersal away from whitebark pine (inflection point at 59% cover of whitebark pine). Seed 
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dispersal away from whitebark pine suggested a gradual decline in seed dispersal with increasing 
distance from whitebark pine (i.e. no shoulder distance and a relatively small exponent parameter 
for the distance decay; Table 8, Figure 17).
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The best model for the “Dispersal Distance Limited” hypothesis included parameters on 
distance decay (δ) and habitat (α; Table 8). Both these parameters were similar to parameter 
estimates in the “Seed Source and Dispersal Distance Limited with Alternate Food Sources” 
hypothesis. These suggested a relatively gradual decline in seed dispersal with increasing 
distance from source (Table 8, Figure 17). The best model for the “Dispersal Distance Limited 
from Alternate Food Sources” hypothesis included parameters on distance decay from Douglas-
fir (δ) and on habitat (α; Table 6). The distance decay parameter (δ) in this hypothesis produced a 
gradual decline in Clark’s nutcracker dispersal from Douglas-fir, but with a fatter tail, resulting 
in more Clark’s nutcrackers potentially dispersing further distances compared to the models that 
included distance from whitebark pine (Table 8, Figure 17). Habitat in the “Dispersal Distance 
Limited from Alternate Food Sources” hypothesis had the highest parameter estimate of the three 
distance-based dispersal hypotheses (Table 8), suggesting that higher quality habitat is more 
important in this hypothesis.  
All biotic dispersal hypotheses (2, 3, 4, 5; Table 6) were improved (as indicated by a 
lower AIC) by the inclusion of abiotic habitat (Table 6). The three hypotheses with the most 
support included both biotic dispersal and habitat, and these explained at least twice the variance 
and were at least 80 AIC units lower than the hypothesis with habitat alone (Table 7). The biotic 
competition hypothesis was an exception in that a model with higher AIC was selected to 
represent the hypothesis. In this case, a positive relationship was estimated between whitebark 
pine and two of its potential competitors, subalpine fir and Engelmann spruce (4.7 Appendix). 
As the hypothesis was about negative biotic interactions between species, both of these statistical 
models were rejected in favour of the model with lodgepole pine, which had a higher AIC. When 
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Table 8. Mode (with 2.5% and 97.5% quantiles) of distance-based dispersal parameters. WBP = whitebark pine and FD = Douglas-fir. If 
quantiles hold the same values as the mode, this is a result of difference between 2.5%, mode and 97.5% quantiles being at values less than 
2 decimal places. 
Hypothesis 
γDF 
 
δDF 
 
βDF 
 
δWBP 
 
βWBP 
 
δDF 
 
α 
 
DF to WBP 
shoulder 
distance 
DF to WBP 
distance 
decay 
exponent 
DF 
abundance 
exponent 
WBP decay 
exponent 
WBP 
abundance 
exponent 
FD distance 
decay 
exponent 
Habitat 
exponent 
Seed Source and 
Dispersal Distance 
Limited with 
Alternate Food 
Sources 
62.69  
(62.63, 62.73) 
6.76  
(3.97,17.02) 
14.69 
(11.55, 50.79) 
1.16  
(1.16,1.17) 
3.63  
(3.57, 3.70) 
 1.74  
(1.75,1.76) 
Dispersal Distance 
Limited 
   0.99  
(0.99, 0.99) 
  2.07  
(2.07, 2.07) 
Dispersal Distance 
Limited from 
Alternate Food 
Sources 
     0.67  
(0.67, 0.67) 
2.74  
(2.74, 2.74) 
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The current northern range limit is best explained by the “Seed Source and Dispersal 
Distance Limited with Alternate Food Sources” hypothesis. This is supported by the fit of the 
statistical model to juvenile abundance data (Table 7), as well as the geographic areas predicted 
to be occupied (predicted suitability score > 0.5, Figure 16). The “Dispersal Distance Limited” 
hypothesis predicts more suitability beyond the current northern edge and higher suitability 
scores in the northwestern range compared to predicted values in the “Seed Source and Dispersal 
Distance Limited with Alternate Food Sources” hypothesis. Generally, the western range within 
the study area contained abundance plots of lower observed juvenile density (only plots > 0 
stems/ha: mean ± SD: 565 ± 576, n=34) compared to the eastern range (mean ± SD: 1439 ± 
2416, n=318). The number of pixels with a predicted suitability score > 0.5 in the western range 
was 4985 in the “Seed Source and Dispersal Distance Limited with Alternate Food Sources” 
hypothesis, compared to 6609 pixels in the “Dispersal Distance Limited” hypothesis. The decline 
in suitability score and pixels containing >0.5 suitability scores in the “Seed Source and 
Dispersal Distance Limited with Alternate Food Sources” hypothesis appears to be concentrated 
in the northwest. This could be interpreted as a result of the Douglas-fir effect decreasing the 
suitability score in the northwest region (4.7 Appendix, Figure 18). The Douglas-fir “Dispersal 
Distance Limited from Alternate Food Sources” hypothesis did not predict whitebark pine 
distribution in the northwestern range due to the increased distances between Douglas-fir and 
these areas, resulting in worse model fit and lack of support for the role of  Douglas-fir alone 
driving the current northern range limit. The “Seed Source Dependent”, “Habitat” and 
“Competition” hypotheses do not predict a northern limit within the study area. Habitat is 
included in the “Seed Source Dependent” statistical model, resulting in high suitability scores 
beyond current locations of mature whitebark pine. The scores within the current range of 
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whitebark pine are elevated in this hypothesis due to the local seed source effect, increasing 
model fit, but due to the interaction with habitat, this hypothesis does not predict a northern 
range limit within the study area.  
4.5 Discussion 
The northern distributional limit of whitebark pine is likely the result of reduced dispersal 
ability by Clark’s nutcrackers with increasing distance from core areas of whitebark pine and 
increasing isolation from its alternative food source, Douglas-fir. By mechanistically estimating 
the role of a biotic dispersal agent, I found strong evidence that this co-evolved plant-animal 
mutualism plays an important part in defining the northern distributional limit. The evidence 
from this study suggests that the biotic dispersal limitation hypothesis could be explained by 
whitebark pine seed source locations alone, but the addition of the dispersal mechanism 
connecting Douglas-fir to whitebark pine (to represent Clark’s nutcracker habitat requirements) 
received the most support (lowest AIC; Table 7). This study is then a significant contribution to 
understanding the role of biotic processes (Araújo & Luoto, 2007; Afkhami et al., 2014) and 
ecological networks (Bascompte, 2009) in current and potential future species ranges. Positive 
interactions have been shown to extend ranges beyond the abiotic limit of the focal species 
(Afkhami et al., 2014), or constrain a species before it reaches its abiotic niche limit (Brown & 
Vellend, 2014; Freeman & Mason, 2015). The hypothesis with the most support in our study 
suggests that a species (Douglas-fir) outside of the mutualistic interaction of whitebark pine-
Clark’s nutcrackers, but part of whitebark pine’s ecological network, is likely contributing to the 
current and (by extension) potential future range of whitebark pine. 
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The importance of alternative food sources for Clark’s nutcrackers is clear: in providing 
nesting habitat (Bradbury, 1917; Mewaldt, 1956; Tomback, 1998), as part of their home range 
(Lorenz et al., 2011; Schaming, 2016), enabling survival in low seed years of preferred tree 
species seed within the home range (Schaming, 2015), or supporting large irruptive flocks of 
individuals in search of food following preferred seed crop failure (Davis & Williams, 1957; 
Vander Wall et al., 1981). As a masting species, whitebark pine will not produce predictable 
cone crops year after year (Rapp et al., 2013). Clark’s nutcrackers at the northern range limit 
would then have to be supported by a suitable alternative food source to be sustained during 
years of low whitebark pine seed, their main food source in the north. Clark’s nutcrackers are 
highly mobile across large landscapes, however, and their range is understood to have expanded 
rapidly (likely from a single refugium) following the last glacial period (Dohms & Burg, 2013). 
Current populations of Clark’s nutcrackers are highly connected, though with some increased 
genetic isolation observed at the peripheries of their range (Dohms & Burg, 2013). Furthermore, 
the genetic evidence from whitebark pine suggests many seeds are transported long distances and 
stands can originate from different source populations (Furnier et al., 1987; Jorgensen & 
Hamrick, 1997; Richardson et al., 2002). These pieces of genetic evidence support field 
observations that Clark’s nutcrackers are capable of moving and dispersing seed over large 
distances (Lorenz et al., 2011). The northern extent of Clark’s nutcrackers range (Tomback, 
1998) coincides latitudinally with both the boundaries of Douglas-fir and whitebark pine. Simply 
correlating those northern range limits could suggest a potential link, but by describing a 
dispersal mechanism that connects Douglas-fir and whitebark pine, I show how these three 
species may interact and ultimately determine the northern distributional limit of whitebark pine. 
No study to my knowledge has attempted to understand macro-scale distributional patterns of 
89 
 
whitebark pine directly linked to its relationship to Clark’s nutcrackers and indirectly linked to 
alternative food sources. 
Within this ecological network, Douglas-fir is not dependent on either whitebark pine or 
Clark’s nutcrackers for seed dispersal or survival. As a result, Douglas-fir may ultimately limit 
the northern distributional ranges for both species. The net difference between whitebark pine 
suitability scores in the “Seed Source and Dispersal Distance Limited with Alternate Food 
Sources” hypothesis, compared to the “Dispersal Distance Limited” hypothesis, which only 
contains whitebark pine, is negative. In other words, removing Douglas-fir would not enable an 
expansion of whitebark pine, but it does suggest that the occurrence and abundance of Douglas-
fir may contribute as a limitation on the northern range of whitebark pine, i.e. whitebark pine 
will not expand its range north without an expansion in the range of an alternative food source. 
Other bird species also show limitation with declining food resources. For example, the 
distribution of acorn woodpeckers is geographically limited by acorn availability, specifically 
where oak tree diversity declines to a single species (Koenig & Haydock, 1999). Including a 
biotic dispersal process produced the best models in my study; however, the interaction with 
suitable abiotic habitat was still important in predicting whitebark pine distribution. Removing 
habitat from even the best dispersal model drastically reduced model fit. This is likely because 
the availability and spatial proximity of habitat is important. Quality of habitat alone often does 
not predict the occupancy, but depends on the occupancy of habitats in spatial proximity (Holt & 
Keitt, 2000).  
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There is evidence of indirect effects resulting in altered abundance or distribution of a 
focal species within ecological networks in predator-prey systems. For instance, with the 
introduction (Courchamp et al., 2003) or increased abundance (Wittmer et al., 2007; DeCesare et 
al., 2010) of a prey species, predator populations may increase and consequently put pressure on 
alternative prey species, thereby affecting occurrence or distribution. This is particularly well 
illustrated by increased populations of deer and moose in boreal Canada supporting higher 
populations of wolves that then prey on threatened woodland caribou as well (Wittmer et al., 
2007). In such cases, the indirect effects are negative. I found no support for negative biotic 
interactions (competition) driving geographic distributional patterns for whitebark pine. This 
supports previous work on a closely related species, Swiss stone pine (Pinus cembra), which did 
not exhibit a strong signal of limitation by competitor species on distributional patterns (Meier et 
al., 2011). This may be a function of competitive biotic interactions being more relevant at 
smaller scales (Pearson & Dawson, 2003; Canham & Murphy, 2016) than those studied here and 
within the whitebark pine ecological network.  
Determining what factors limit the elevational or geographic range of a species can be 
experimentally tested by establishing or transplanting individuals within and beyond the current 
species distributional range. From these, determining growth, fitness or survival, based on the 
abiotic environment (Hargreaves et al., 2014), or additionally on biotic factors (i.e. herbivore 
exclusion, see Stanton-Geddes et al., 2012; Brown & Vellend, 2014) would suggest potential 
mechanisms for current range limitations. These experiments, however, cannot capture the 
macro-ecological processes studied here, where the location of populations, their relative 
abundance and proximity across real landscapes interact with multiple species to create a range 
limit in the absence of an abrupt change in environmental conditions. Translating highly 
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controlled experiments to the complex realities of nature is a challenge. This study demonstrates 
that developing several alternative, realistic and mechanistic hypotheses based on ecological 
principles, in this case of both spatial and aspatial processes, can dramatically improve our 
understanding of species range limits. 
4.6 Conclusions 
While abiotic niche models may be adequate for predicting range and range limits for 
some species (Chuine & Beaubien, 2001; Morin et al., 2007), mounting evidence from both 
theoretical and empirical studies suggests biotic interactions can have major impacts on species 
distributions (Araújo & Luoto, 2007; Heikkinen et al., 2007; Meier et al., 2010). Incorporating 
all processes that contribute to range edges, and not just correlations to the abiotic environment, 
is particularly important to more realistically forecast changes to distributional boundaries under 
climate change (Guisan & Thuiller, 2005; Pearman et al., 2008; Dormann et al., 2012; Guisan et 
al., 2014). Incorporating biotic components of species relationships, particularly those connected 
through strong interactions, is particularly important to accurately and realistically predict future 
changes and impacts on species within those networks (Soulé et al., 2005). Whitebark pine seed 
is dispersed exclusively by Clark’s nutcrackers, resulting in an obligate mutualistic relationship 
that is shown here to be essential in understanding current and future distributions of whitebark 
pine. While the effects of positive interactions on species distributional patterns remain little 
understood, especially at macro-ecological scales, this study demonstrates the importance of 
incorporating those interactions when predicting current or future ranges of species in highly 
specialized mutualistic relationships. 
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5 Northern range contraction, not expansion, for an endangered tree 
species under climate change 
5.1 Abstract 
Understanding how range limits will shift under climate change is particularly important 
for species at risk, where the spatial allocation of limited conservation resources can be critical to 
species persistence. Predicting how climate change will affect geographic ranges is important for 
managing fixed spaces (protected areas), and individual species of concern across their 
distribution. Whitebark pine (Pinus albicaulis) is a threatened and ecologically important tree 
species in subalpine and treeline ecosystems of western North America. Previous studies have 
shown that northern expansion into climatically suitable habitat north of its current range is 
determined by a seed dispersal agent, the Clark’s nutcracker (Nucifraga columbiana), as well as 
influenced by the availability of its alternative food sources, such as Douglas-fir (Pseudotsuga 
menziesii). Here scenarios of future climatic habitat and mortality to whitebark pine were 
explored to evaluate northern range shifts and assess regional vulnerability to ongoing 
disturbance and stress given the ecological networks driving the current distribution. I explored 
scenarios of changing Douglas-fir abundance and distribution at the northern extent of its range 
and scenarios of regional restoration of whitebark pine. I evaluated regional vulnerabilities to 
climate change and disturbance by proportional change in the predicted distribution of whitebark 
pine across scenarios. Ample suitable climatic habitat currently exists north of the distributional 
limit, but this habitat decreases with scenarios of climate change. Our results indicate a range 
contraction of whitebark pine to regions of high current whitebark pine abundance or abundant 
abiotic habitat at lower latitudes. The most vulnerable region in the north, however, was also the 
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most responsive to management scenarios explored here. For many species, it is thought and 
often assumed that the southern edge is a contracting edge and the northern edge is expanding. 
Here, it appears that it has the potential to be both. This study demonstrates the importance of 
incorporating abiotic and biotic factors responsible for driving large-scale patterns in species 
distributions to better understand future geographic distributions and inform conservation actions 
at macro-scales. While the northern range is important for future expansion into suitable habitat, 
the cumulative effects of disturbance and global climate change can result in these areas being 
more vulnerable to habitat loss compared to regions at lower latitudes. The spatial context of 
abiotic habitat and biotic interactions will greatly influence future range dynamics, seen here in 
the regional variation in response to disturbance, stress and management scenarios.  
5.2 Introduction 
With large-scale environmental changes, the conservation of threatened species and 
biodiversity requires macro-scale understanding of future distributions and community 
assemblages under ongoing stress or mortality. Projecting changes to species distributions under 
climate change requires understanding how climate currently influences the distribution of those 
species. Species distribution models (SDMs), specifically those that relate species ranges to 
climate such as bioclimatic envelope models, have been used to estimate current distributions 
and project future potential ranges under a changing climate (Guisan & Zimmermann, 2000; 
Franklin, 2009). These models are widely recognized to represent future potential habitat as 
opposed to actual future range, due to the exclusion of factors that could constrain species 
distributions (Pearson & Dawson, 2003; Guisan & Thuiller, 2005; Araújo & Guisan, 2006). 
Biotic interactions, such as competition, in particular may not be included in many SDMs as the 
scale of influence of biotic processes is generally believed to be important primarily at fine 
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resolutions (Pearson & Dawson, 2003). However, dispersal and positive biotic interactions can 
influence species distributions even at coarse scales (Boulangeat et al. 2012; Afkhami et al. 
2014; Chapter 4). As a result, including all relevant factors that currently contribute to species 
distributions, including biotic interactions, may improve predictions of future potential range of 
species under a changing climate (Araújo & Luoto, 2007; Ockendon et al., 2014). 
Whitebark pine (Pinus albicaulis, Engelm.) is an endangered tree species of subalpine 
and treeline ecosystems of western North America. This species is ecologically important as a 
food source to a wide network of wildlife, and it plays a central role in the life history of its seed 
dispersal agent, the Clark’s nutcracker (Nucifraga columbiana, Wilson). Whitebark pine is fully 
dependent on Clark’s nutcrackers for seed dispersal, but Clark’s nutcrackers can survive on 
alternative food sources such as Douglas-fir (Pseudotsuga menziesii, (Mirb.) Franco) or 
ponderosa pine (Pinus ponderosa Douglas; Lorenz et al., 2011; Schaming, 2015). However, 
these alternative foods appear to be insufficient for the successful recruitment of Clark’s 
nutcracker young (Schaming, 2016). Whitebark pine has undergone range-wide declines due to 
the introduced pathogen, white pine blister rust (Cronartium ribicola J.C. Fisch) and mortality 
from outbreaks of the endemic mountain pine beetle (Dendroctonus ponderosae, Hopkins; 
Tomback et al., 2001). Climate change is expected to reduce whitebark pine’s distribution within 
its current range due to competitive exclusion in more productive habitats (i.e., at lower 
elevations, Hansen et al., 2016; Keane et al., 2016). Warming temperatures may also interact 
with disturbance agents to result in further declines in whitebark pine populations with changing 
climate (Logan et al., 2010; Jewett et al., 2011; Wong & Daniels, 2016).  
The current range of whitebark pine includes mountainous regions of British Columbia 
and Alberta, Canada, and some studies anticipate that future habitat will become increasingly 
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available further north with climate change (Hamann & Wang, 2006; McLane & Aitken, 2012). 
The movement of the species into these northern climatic habitats may be essential for whitebark 
pine, given the predicted loss of lower elevation and southern habitats under warming climates 
(Hamann & Wang, 2006; Chang et al., 2014; Hansen et al., 2016). The migration of many 
species poleward or upwards in elevation to capitalize on newly available habitats is a key 
prediction for species persistence with changing climate (Aitken et al., 2008). However, 
evidence is mounting that whitebark pine does not occupy climatic habitat to its full northern 
extent (Svenning & Skov, 2004), with ample suitable habitat currently available north of the 
species range limit (Chapter 4, Hamann & Wang, 2006, Coops & Waring, 2011, Mathys et al., 
2016). Additionally, there is evidence of successful seed germination and seedling survival 
within this predicted suitable climatic habitat north of the species latitudinal boundary (McLane 
& Aitken, 2012). The northern range limitation in this case appears driven by Clark’s nutcracker 
seed dispersal and the broader ecological network that includes the requirement of an alternative 
food source for Clark’s nutcrackers (Chapter 4), as well as Douglas-fir. For whitebark pine, both 
abiotic and biotic interactions affect large-scale distributional patterns, and incorporating these 
factors would help in forecasting future range shifts. The northern range of this plant-animal 
mutualist system provides an excellent opportunity to explore the consequences of complex 
drivers of range limits on the potential future distribution of a species at risk. 
Northern range expansion may be a dominant prediction under climate change (Chen et 
al., 2011), but range contraction (Rodríguez, 2002; Laliberte & Ripple, 2004) or disjunction in 
mountainous environments (Kuhn et al., 2016) is also possible. Range contraction can occur 
towards the core (Mehlman, 1997), or towards peripheries when threats are spread by a spatial-
contagion process (Channell & Lomolino, 2000). In the northern portion of whitebark pine’s 
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range, there are both peripheral populations in the north, and highly abundant core areas in the 
south (Figure 19). These northern-most populations of whitebark pine would likely play 
important roles in facilitating migration further north with changing climate. However, these 
regions may be affected differently by disturbance agents (mortality from white pine blister rust 
and mountain pine beetle) and climate change, resulting in a regionally varied response to 
climate change. Understanding how landscape context interacts with the processes shaping 
current distributions (Lawton & Woodroffe, 1991) will be essential for projecting future 
distribution (Dobrowski, 2011; Kuhn et al., 2016) and for conservation planning of an 
endangered species. In this case, how do the mountainous landscapes where whitebark pine 
occurs interact with biotic seed dispersal, disturbance and climatic habitat to affect the 
vulnerability of whitebark pine in different portions of its northern range to climate change? 
Resources for conservation are often limited and the spatial allocation of these resources requires 
consideration of threats and priorities for a given species of concern across scales (Richardson & 
Whittaker, 2010). 
Uncertainty in environmental change suggests that projecting multiple possible futures of 
complex ecosystem change may yield a better understanding of a range of possible outcomes to 
inform conservation planning (Peterson et al., 2003). Specifically, it is likely very fruitful to 
identify vulnerabilities under a wide range of forecasting assumptions, an approach that does not 
attempt to predict a single “most likely” future, but may inform decisions (Clark et al., 2001b). 
The objective of this study was to use all known biotic and abiotic mechanisms affecting current 
distribution to explore future whitebark pine distribution changes and assess regional 
vulnerabilities under four key scenarios (two where we can have little impact and two active 
management measures). 
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5.3 Methods 
5.3.1 Study Area 
The study area was located at the northern edge of whitebark pine’s range in British 
Columbia and Alberta, Canada, extending from 114 to 139ºW and 52 to 60ºN (Figure 19). 
Whitebark pine in this area occurs in two distinct regions: the Central Coast, Skeena and 
Omineca Mountains in the west and the Rocky Mountains in the east.  
 
Figure 19. Study area in grey covering the northern extent of whitebark pine (red) in Alberta and 
British Columbia (Chapter 2), north to the Yukon border. 
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5.3.2 Species Distribution Model 
Data layers used in the whitebark pine species distribution model (SDM) includes seed 
source (whitebark pine) locations and abundance (in the form of percent cover of mature trees), 
alternative food source (Douglas-fir) locations and abundance, and predicted abiotic habitat, with 
response data of whitebark pine juvenile abundance (stems/ha). The suitability of abiotic habitat 
was determined using a hierarchical statistical model with data from regional and local climate 
and topography (Chapter 3). This analysis produced a probabilistic habitat suitability assessment 
based on current whitebark pine presence/absence and abundance throughout the study area.  I 
subsequently produced a whitebark pine SDM by optimizing parameter fit to data on whitebark 
pine juvenile abundance (Chapter 4). Parameters from the SDM were used to derive estimates of 
the relationship between the availability of seed, alternative food source and suitable habitat on 
current observed distribution of whitebark pine. I refer to the SDM as the forecasted distribution 
coming from Chapter 4, which incorporates all the known biotic and abiotic mechanisms 
determined in Chapters 3 and 4. Parameter estimates were described by mode and 2.5% and 
97.5% quantiles from a pseudo-bootstrap (1000 iterations) from 100 final estimates for each 
parameter. Scenarios produced here were applied to the whitebark pine SDM described in 
Chapter 4, and as a result include abiotic and biotic drivers of species occurrence, as well as 
dispersal. I present results of scenarios produced with parameter estimates based on their mode 
for all scenarios. We present the range of uncertainty (i.e., 2.5% and 97.5% quantiles from the 
SDM model), but only for climatic habitat scenarios because the variation around parameter 
estimates of biotic dispersal was minimal. 
5.3.3 Scenarios 
To determine how ongoing disturbance, climate change and potential management would 
influence the northern distribution of whitebark pine, I explored scenarios of whitebark pine 
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mortality, climate change, whitebark pine restoration and Douglas-fir management. I assessed 
the impact of these scenarios on whitebark pine range dynamics and regional vulnerabilities by 
calculating the proportional change in projected distribution of whitebark pine. The projected 
distribution in this context considers both the abiotic and biotic factors that were previously 
estimated to be driving processes behind current whitebark pine occurrence patterns (as per 
Chapters 3 and 4). The baseline for all scenario comparisons was one of “no management” 
(whitebark pine mortality is assumed) and abiotic habitat predicted by the current climate 
scenario. The proportional change in distribution was calculated by the sum of the distribution 
scores of pixels in the scenario compared to the baseline scenario. Distribution scores represent 
the relative suitability of a given pixel for whitebark pine given both abiotic and biotic 
components of the SDM. Larger summed distribution scores suggest more pixels projected to 
contain whitebark pine, without applying a threshold to create a dichotomous classification of the 
score. The proportional change from current predicted habitat was evaluated for the entire study 
area, as well as broken down by region to assess vulnerabilities across the northern range to 
ongoing disturbance and climate change (Figure 20).  
Scenario group I: Climate change 
The effect of future climate on the northern distribution of whitebark pine was 
determined using three 30-year future climate periods (centred on the 2020s, 2050s, and 2080s),  
and two emission scenarios. Climate surfaces for the 2020s, 2050s and 2080s were created from 
ClimateWNA (v.5.21) using the HadGEM2 (Hadley Centre Global Environment Model version 
2) GCM (global circulation model) with RCP (representation concentration pathways) 4.5 and 
8.5. This GCM was selected as a median predictor of change in this study region (Murdock & 
Spittlehouse, 2011). The RCP 4.5 represents a moderate greenhouse gas concentration scenario, 
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UHJLRQVWKDWZRXOGLQIOXHQFHGLVWULEXWLRQSURMHFWLRQVZLWKLQWKHVWXG\DUHD
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Median parameter values from the abiotic habitat model estimated in Chapter 2 were applied to 
centred and scaled variables and each variable squared (based on the mean of the data used to 
generate the model in Chapter 2). The moderate to conservative greenhouse gas concentration 
trajectory (HadGEM2 RCP 4.5) is presented here (see Appendix 1 for RCP 8.5 results). 
Variation in future climatic habitat was further described by parameter estimate uncertainty 
(2.5% and 97.5% quantiles on the SDM model parameters). 
Scenario group II: Ongoing whitebark pine mortality 
Mortality from disturbance includes insect, disease and fire in whitebark pine 
ecosystems. Rates of mortality from these disturbance agents are influenced by different 
processes and will interact with changing climate, resulting in different rates and patterns in 
mortality. Given that the relationship between mortality agents and the biotic and abiotic 
relationships included in the whitebark pine distribution model have not been previously 
estimated (Chapter 3 and Chapter 4), the vulnerability of northern whitebark pine distribution to 
disturbance was broadly evaluated by imposing reductions in whitebark pine abundance to 
represent mortality. Mortality was represented by a percent reduction in whitebark pine applied 
to five regions based on regional infection rates by white pine blister rust from Campbell and 
Antos (2000) and Zeglen (2002). If the cover for whitebark pine were decreased due to mortality 
below a visitation threshold value, it was assumed Clark’s nutcrackers would not visit and 
disperse seed, resulting in that 2.5 km × 2.5 km pixel no longer contributing to seed dispersal. 
This ongoing mortality scenario was evaluated using four thresholds for minimum percent cover 
of whitebark pine required to sustain Clark’s nutcracker visitation and dispersal: 2.5, 5, 7.5, and 
10% cover. While thresholds on the abundance of whitebark pine required to maintain Clark’s 
nutcracker visitation have been estimated previously (McKinney & Tomback, 2007; Barringer et 
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al., 2012), applying these relationships here requires data on whitebark pine basal area, which 
were not available. In the absence of such data, multiple thresholds on the percent cover of 
whitebark pine required for Clark’s nutcracker visitation were applied to explore variability in 
distributional response to a threshold. Lastly, I recognize that regional mortality rates based on 
regional blister rust infection rates may not accurately represent mortality. Nevertheless, these 
rates likely capture the relative regional risks to mortality, with rates that can be assumed to 
remain at the same relative magnitude between regions over time. 
Scenario group III: Douglas-fir 
Douglas-fir abundance and distribution was modified in two scenarios: 1) increased 
abundance at its northern extent (“Northern-Increase”), and 2) assisted migration beyond its 
northern extent (“Assisted-Migration”; Figure 21). Both of these were selected as potential 
management scenarios of the species given its importance as a commercial tree species, and the 
potential increased suitability for the species in the north under climate change (Hamann & 
Wang, 2006; Mathys et al., 2016). Only manipulations of northern Douglas-fir in the study area 
were explored with scenarios to determine whether changes in the north would result in changes 
or expansion of northern whitebark pine. In the Northern-Increase scenario, current Douglas-fir 
abundances (percent cover) within its known northern distribution were increased 20 times, up to 
a maximum of 100% coverage of a 2.5 km × 2.5 km pixel. Ninety eight percent of the pixels 
containing Douglas-fir in the study area had values below 5% cover, so while a 20 times increase 
in abundance may be high, it still results in many pixels with relatively low cover values. In the 
Assisted-Migration scenario, all northern ecosystems identified as being currently suitable for 
planting (identified based on biogeoclimatic subzone; 
http://www2.gov.bc.ca/gov/content/industry/forestry/managing-our-forest-
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Scenario group IV: Restoration 
I developed a restoration scenario to evaluate coarse-scale responses to planting of 
whitebark pine seedlings. While the infection of blister rust in whitebark pine is ubiquitous 
throughout whitebark pine’s range, there is variation in blister rust infection levels (Campbell & 
Antos, 2000; Zeglen, 2002; Resler & Tomback, 2008; Smith et al., 2012). Mortality from 
mountain pine beetle can be reduced through the use of verbenone, but these applications are 
costly and cannot be deployed at large geographic scales. As a result, mortality rates generally 
cannot be reduced; instead, the primary conservation action to counteract mortality is planting 
seedlings, preferably derived from genetic lines selected to be resistant to blister rust (Keane et 
al., 2012). Given our lack of knowledge about temporal dynamics, we did not estimate 
subsequent dispersal from new populations and generation time to reproduction. Rather, the 
restoration scenario assumed a regional recovery of pre-mortality population sizes. The objective 
was to determine regional variation in response to planting seedlings. 
All analyses were conducted on rasters with a resolution of 2.5 km × 2.5 km using the 
raster (v.2.5-8; Hijmans 2016), SpaDES (v.1.3.1; Chubaty and McIntire 2016), rgdal (v.1.2-5; 
Bivand et al. 2016), data.table (v.1.10.0; Dowle and Srinivasan 2016), and some visualizations 
with the rasterVis (v.0.41; Perpiñán and Hijmans 2016) packages in R (v. 3.3.1; R Core Team, 
2016). 
5.4 Results 
5.4.1 Climate change 
Abiotic habitat suitable for whitebark pine is predicted to occur throughout northern B.C. 
under current climatic conditions (top panel Figure 22, Figure 23A). This abiotic habitat is 
projected to decline across the study area over time with changing climate (Figure 22), with the 
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majority of suitable habitat lying north of the current observed range of whitebark pine as early 
as the 2020s climate period (Figure 23). From within the current observed range of whitebark 
pine, more whitebark pine distribution (based on abiotic habitat and biotic interactions) is 
predicted to be lost in the Coast Mountains compared to the Rocky Mountains (Figure 24). 
Within both the Coast Mountains and the Rocky Mountains, the northern areas are predicted to 
lose more suitable whitebark pine distribution compared to the central areas (Figure 24). This 
loss of potential distribution is predicted from projected habitat loss to climate change and the 
effects of ongoing mortality to whitebark pine, reducing dispersal. The North Coast region is 
expected to lose the most whitebark pine distribution, followed by the Central Coast and the 
North Rockies regions, with the Central Rockies region losing the least amount of whitebark 
pine distribution. Uncertainty in projected loss of whitebark pine distribution based on climate 
change and mortality is greater for the Rockies compared to the Coast regions and greater in the 
near term (2020s) compared to the far future, based on variability in climatic habitat parameter 
estimates (Figure 24).  
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compared to the Central and North Rockies regions in the current climate period (Figure 25). In 
other words, these coastal regions had drastic declines, regardless of which levels of Clark’s 
nutcrackers visitation I used. The Central Coast in particular showed little response to increasing 
thresholds (higher values of whitebark pine tree cover that would not support Clark’s 
nutcrackers), with declining whitebark pine distribution over time in this region associated 
almost exclusively with climate change-related habitat loss. All regions showed large negative 
change in distribution over time regardless of threshold value due to climate change-related 
habitat loss (Figure 23). Mortality and loss of Clark’s nutcrackers visitation had a larger effect on 
the Central and Northern Rockies. At lower thresholds, these Rocky Mountain regions could 
sustain more whitebark pine distribution over time compared to the Coast regions (2050s and 
2080s, in panels 2.5% and 5% in Figure 25). Nevertheless, these effects do appear additive, in 
the sense that as the threshold increases (pixels with higher whitebark pine tree abundance values 
are removed as dispersal source), regions already significantly affected by climate-induced 
habitat loss become more vulnerable to loss of whitebark pine distribution due to  mortality.  
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abundance compared to assisted migration of Douglas-fir expanding its northern range (Figure 
26). The North Coast is predicted to respond the most to the combined treatments of restoration 
and Douglas-fir management, particularly in the current climate period (Figure 26). By the 2020s 
restoration alone is predicted to be inadequate in compensating for loss of whitebark pine to 
mortality and loss of habitat to climate change in all but the North Rockies, where the 
distribution is predicted to be maintained by restoration alone. However, up to the 2020s, 
restoration in combination with increased abundance of northern Douglas-fir is predicted to 
maintain whitebark pine distribution in both the North Coast and North Rockies regions. The 
Central Coast and Central Rockies overall responded less to the management scenarios explored 
here (Figure 26). Neither of the Central regions is predicted to benefit from Douglas-fir 
management, either alone or in combination with restoration. The loss of whitebark pine to 
mortality and loss of habitat with climate change suggest neither Douglas-fir management nor 
restoration could overcome these stressors to maintain the current northern whitebark pine 
distribution over time in those regions. 
5.4.4 Regional vulnerability 
The North Coast region is predicted to be the most vulnerable to whitebark pine 
distribution loss with whitebark pine mortality and climate change (Figure 24). This region is, 
however, expected to be the most responsive to restoration and Douglas-fir management, 
particularly through increased Douglas-fir. The North Coast is predicted to be less sensitive to 
the minimum abundance of whitebark pine trees required to maintain Clark’s nutcracker 
visitation (Figure 25), but this is likely a result of this region losing much of its distribution to 
climate change habitat loss and whitebark pine mortality, regardless of the threshold.
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5.4.5 Northern Limit 
With both minimal (distribution score >0.1; Figure 27A) or moderate (distribution score 
>0.5; Figure 27B) scenarios of what constitutes habitat, climate change and whitebark pine 
mortality will likely result in a range contraction if no intervention occurs (Figure 27: all 
futures). All projections were re-scaled between 0 and 1 based on the same layer (no climate 
change, no mortality, which is the raster used in fitting the SDM) to represent areas projected to 
be part of distribution (blue) or not (white; Figure 27). This contraction will result in the regions 
where the abundance of whitebark pine, the proximity to current Douglas-fir and the abundance 
of suitable habitat are all likely acting as refugia for the species (Central Coast or Central 
Rockies). Given that the dispersal component of the whitebark pine species distribution model 
did not contain a temporal component, it is not possible to determine in this study whether 
restoration and conservation of the northern populations in both the Rockies and Coast 
Mountains would maintain adequate seed sources to expand the range further north. Evidence 
from this spatially explicit (but not temporally dynamic) scenario analysis suggests that mortality 
from white pine blister rust or mountain pine beetle, combined with changing climate, will 
require significant restoration efforts in the north to maintain these populations if they are to 
regenerate naturally in areas further north. If a range contraction occurs before the species is able 
to access more northern habitats that are currently suitable, the contraction would result in a large 
latitudinal gap forming between current and future suitable habitat in the north of British 
Columbia.  
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5.5 Discussion  
Globally, many species may be moving to higher latitudes and altitudes in response to 
global warming (Walther et al., 2002; Parmesan & Yohe, 2003; Chen et al., 2011). There is, 
nevertheless, high variability in species responses on this point, suggesting complex interactions 
among drivers of change and the biology of individual species (Chen et al., 2011). Managing 
individual species by applying generalized species responses to changing climate, or by using 
bioclimatic envelope models alone, will likely risk misidentification of current and future 
vulnerabilities and probabilities of extinction (Pearson & Dawson, 2003). A key consideration 
for a species such as whitebark pine in the context of global climate change is that there is 
currently ample suitable habitat north of its existing range limits (Chapter 3; McLane & Aitken, 
2012; Hamann & Aitken, 2013; Mathys et al., 2016). Both abiotic and biotic processes lead to 
the current range limit (Chapter 4). Habitat in this case does not become increasingly available at 
higher latitudes with warming temperatures. Rather, ample habitat already exists north of the 
current species limits but is not occupied. The loss of suitable abiotic habitat in our study agrees 
with others predicting whitebark pine habitat loss with climate change (Hamann & Wang, 2006; 
Schrag et al., 2008; Coops & Waring, 2011; Chang et al., 2014; Mathys et al., 2016). Our study 
predicts that habitat suitability even in the cold, northern-most region of the species range, as 
well as the suitable habitat beyond the current northern limit, will likely decrease with changing 
climate under even a moderate greenhouse gas concentration (RCP 4.5) scenario. In the context 
of global projections of poleward migration with changing climate, whitebark pine is a species 
unlikely to follow this pattern given the role of biotic interactions and dispersal in driving the 
range limit. This study suggests that contraction, not expansion, of whitebark pine’s range can be 
expected under climate change. Multiple disturbances or stressors including climate change can 
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result in cumulative effects, leading to increased rates of decline (Travis, 2003; Carroll, 2007). 
Here, the cumulative effects of disturbance (invasive pathogen or endemic insect outbreaks) and 
climate change, along with species traits (a masting, cold-adapted species whose seed dispersal is 
dependent on an animal vector), interact with processes shaping the distribution to result in a 
potential range contraction.  
Environmental change, such as climate, disturbance, habitat loss or invasive species, can 
result in a species range contraction towards the peripheries (Channell & Lomolino, 2000) or 
towards the core, high abundance areas (Mehlman, 1997). In either of these cases, high 
abundance areas may experience the highest rates of decline, but they may remain important core 
habitat for species (Rodríguez, 2002). The Central Coast region in this study may lose much 
whitebark pine habitat to climate change, but as a core high abundance area, remains an 
important core habitat for northern whitebark pine. Range margins may be more vulnerable to 
climate change than core populations with higher abundance due to decreased habitat quality 
(Griffith et al., 1989), greater sensitivity to extreme events (Mehlman, 1997), or increased habitat 
fragmentation towards the edge (Opdam & Wascher, 2004). But landscape context can also 
greatly influence the direction and process of range contraction. For example, the physical 
location of high mountain terrain resulted in a collapse to peripheral areas for North American 
pikas (Ochotona princeps), where high abundance areas were found in high elevation massifs 
(Calkins et al., 2012). My study suggests that complex interactions between extinction threats, 
landscape context, dispersal and species interactions can result in the contraction of a species to 
its core, a pattern that mirrors a decline in habitat quality with proximity to range margins, but 
differs in the processes driving the pattern. 
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Landscape context and dynamics that occur in fragmented landscapes (e.g., source-sink 
dynamics, rescue effect, etc.) can help interpret the vulnerability of the North Coast region to 
climate change and disturbance. The coastal mountain regions in this study contain less suitable 
habitat that is more fragmented than in the Rockies. When the loss of whitebark pine to mortality 
is added to the loss of abiotic habitat to climate change, the North Coast region becomes 
increasingly isolated from other whitebark pine habitats, and may not be rescued via meta-
population dynamics. Additionally, this region is isolated from significant concentrations of 
alternative food sources for Clark’s nutcracker (4.7 Appendix, Chapter 4), further decreasing any 
rescue effect by means of dispersal from other regions. This isolation and fragmentation likely 
explains the positive response of the North Coast region to restoration or increased abundance of 
northern Douglas-fir, both of which would increase the carrying capacity of the region for 
Clark’s nutcrackers. The successful dispersal between habitats in the North Coast may be 
essential for species persistence in this region. Conversely, the two regions in this study that 
exhibit greater resilience to disturbance and stress (Central Coast and Central Rockies) are those 
with greater abundance of abiotic habitat (Central Rockies), greater abundance of whitebark pine 
(Central Coast), as well as increased proximity to Douglas-fir (Central Coast and Central 
Rockies). All these factors increase the potential capacity for Clark’s nutcrackers to disperse seed 
and maintain populations. The Central Coast was not sensitive to any of the thresholds in percent 
cover for Clark’s nutcracker visitation, likely as a result of high whitebark pine abundances and a 
low regional mortality rate. The Central Coast is then likely resilient to some mortality to 
whitebark pine, and able to sustain Clark’s nutcracker populations even with potential mortality. 
This study further suggests that not all range peripheries will respond in similar ways to 
disturbance and stress. The North Rockies region may be more resilient to climate change and 
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disturbance, compared to the North Coast, likely as a result of lower habitat fragmentation and 
close proximity to the abundant habitat in the Central Rockies and the “rescue” that could come 
from Clark’s nutcrackers located there. At the regional scale, landscape context, or the spatial 
contagion and abundance of suitable habitat may drive patterns in species vulnerability to 
extinction (Thomas et al., 2008).  
Use of statistical models of habitat and species occurrence can be useful for conservation 
planning where habitat suitability gradients can be empirically estimated and not influenced by a 
single census bias (Hamann & Aitken, 2013). This may yield greater prediction of long-term 
persistence compared to species occurrence data alone (Araújo & Williams, 2000). In this study, 
the SDM included both abiotic and biotic interactions to estimate habitat, serving as a useful tool 
for conservation planning for whitebark pine. Restoration of the North Coast region, being both 
highly vulnerable and highly irreplaceable (Pressey et al., 2004), could be prioritized to maintain 
the species within its current range. However, restoration of either the Central Coast or Central 
Rockies populations may be prioritized due to their importance as core northern habitat. 
Conservation actions in the Central Coast should focus on climate change mitigation, 
maintaining as much of the currently suitable habitat as possible, to continue fostering highly 
abundant whitebark pine. The negative association of whitebark pine with warmer, wetter 
habitats from the hierarchical abiotic habitat model (Chapter 3) does not exclude biotic or 
disturbance drivers of this relationship. The negative association with warmer habitats is likely a 
case of competitive exclusion (Weaver & Dale, 1974; Campbell & Antos, 2003; McLane, 2011; 
Clason et al. 2014) or increased mortality to insects (Logan et al., 2010) or disease that drives the 
negative association with warmer/wetter environments. Restoration of a region like the Central 
Coast that is primarily at risk from climate change-related habitat loss could then involve 
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removal of competitors or the use of controlled fires to maintain whitebark pine habitat (Keane et 
al., 2016). The Central Rockies region is in close proximity to abundant Douglas-fir and contains 
ample suitable whitebark pine habitat. As a result, management in the Central Rockies region 
could focus on support for Clark’s nutcrackers (maintaining abundant whitebark pine habitat, 
and Douglas-fir) in the region to ensure continued dispersal throughout the abundant high quality 
habitat of the region. Overall, the predictions I make here, of habitat loss and range contraction 
may overestimate losses. As long-lived organisms, tree mortality will likely lag behind projected 
habitat loss with climate change, given that once it establishes, a tree can survive sub-optimal 
conditions (Hamrick, 2004). Additionally, local microrefugia may play an important role in 
maintaining pockets of species distributions under climate change (Dobrowski, 2011)  
5.6 Conclusions 
Warming temperatures may generally increase the availability of habitat at high latitudes. 
However, when biotic interactions, abiotic habitat, landscape context and dispersal are 
considered in conjunction with cumulative habitat loss from threats, northern migration and 
range expansion will likely not be universal across species (Brooker et al., 2007). In the case of 
whitebark pine, without successful intervention and restoration in the northern-most regions of 
its range, the species is likely to contract to more resilient populations further south. The 
implications of this research suggest that including processes other than abiotic habitat 
relationships that drive current northern range limits will be crucial for conservation planning 
under disturbance and stress from climate change.  
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5.7 Appendix. Habitat change predicted from HadGEM2 GCM RCP 8.5 scenario 
 
Figure 28. Climate change projected climatically suitable habitat (2.5%, 50% (median) and 97.5% 
parameter estimate quantiles from abiotic habitat model in Chapter 3). The 2020s, 2050s and 2080s 
projections are based on the HadGEM2 GCM RCP 8.5 emission scenario. 
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6 Discussion 
For many temperate tree species, northward migration (whether naturally or assisted), 
will be essential to track climatically suitable habitat (Aitken et al., 2008). In this dissertation, I 
have shown definitively, using a comprehensive, compiled meta-dataset collected over decades 
by many researchers, that climate alone does not limit the distribution of whitebark pine, a high-
elevation, cold-adapted tree species. I have shown in Chapter 3 that there is currently ample 
suitable climatic habitat north of its current range, and that the species is associated with cold 
habitats. As a result, whitebark pine is not likely to gain new habitat with warming that would be 
accessible for migration from its current northern edge. In Chapter 4, I have shown that the 
species is limited in the north by a combination of biotic interactions and the abiotic 
environment. Specifically, Clark’s nutcrackers limit the northern range of whitebark pine 
through a dispersal limitation that is in part the result of the relationship to Douglas-fir. Without 
Clark’s nutcrackers moving north to access new food sources, whitebark pine is unlikely to 
expand north without assistance. Lastly, in Chapter 5, I have shown, contrary to expectations, 
that the northern-most populations may in fact be the most vulnerable to ongoing disturbance and 
future climate change, potentially resulting in a loss of whitebark pine in the north and range 
collapse to core areas further south. These conclusions support the general goal of conservation 
biogeography in generating spatially-explicit probabilities of persistence over time for a given 
species, community or ecosystem that is under threat (Williams & Araújo, 2002). In this case, I 
show the need to target the most vulnerable, northern populations with restoration or Douglas-fir 
management. 
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6.1 Implications of dispersal limitation 
Weaver (2001) suggested four possible explanations for the northern range limit of 
whitebark pine: (1) cold, (2) lack of Clark’s nutcrackers, (3) competition due to increased 
wetness in the north, and (4) decrease in fire frequency and therefore increased competition. 
Through the modelling and analysis presented in this dissertation, I disagree with his conclusion 
that increased competition leads to the current northern range limit of whitebark pine. My work 
suggests that lack of Clark’s nutcrackers is most likely. Furthermore, while there may be a lack 
of Clark’s nutcrackers further north, it is not: “…more likely that the lack of whitebark pine, that 
is, unavailable large pine seeds, ultimately excludes the bird” (Weaver, 2001), but the lack of 
whitebark pine and alternative food sources that combine to limit the dispersal agent, resulting in 
the lack of expansion of whitebark pine beyond the northern limit of Douglas-fir.  
Given the importance of Clark’s nutcrackers and its need for alternate food sources, in 
limiting whitebark pine’s distribution, I created a scenario of increased abundance and range of 
Douglas-fir at its northern extent in Chapter 5 to explore the consequences of managing 
whitebark pine by targeting the ecological network – not whitebark pine itself. Further work on 
the mechanisms controlling the seed dispersal capacity of Clark’s nutcrackers in the north would 
substantially contribute to understanding how the species interact at macro-scales. For instance, 
Clark’s nutcrackers demonstrate both resident behaviour (by setting up home ranges) and 
transient behaviour (as they move across large areas seeking food) during the breeding and food 
storing season (Lorenz & Sullivan, 2009; Lorenz et al., 2011). How Clark’s nutcrackers use 
space at their northern distributional limit may vary compared to areas further south where the 
species has been more intensively studied. For instance, do Clark’s nutcrackers consistently set 
up home ranges for breeding in the North Coast region (Figure 20), where an alternative food 
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source may not be available for upwards of 150 km? Or do they exhibit different behaviour, 
where in years of good whitebark pine seed crops, they establish home ranges and breed in the 
region, and in other years, they merely pass through the area in search of food? Understanding 
how Clark’s nutcrackers use regions such as the North Coast (Figure 29) would help in 
managing whitebark pine to ensure continued persistence of Clark’s nutcrackers – the agent of 
regeneration (Tomback, 2001), and as a result, whitebark pine as well. It follows that the 
promotion of viability and reproductive vigour in Clark nutcracker populations may be the best 
strategy for whitebark pine restoration too. 
6.2 Additional potential impacts of climate change 
I found that climate change is likely to result in a loss of whitebark pine habitat similar to 
other studies (Hamann & Wang, 2006; Chang et al., 2014; Mathys et al., 2016). I also found 
however, that this loss applies to the northern-most populations and future projected habitats, 
which has not previously been discussed. I did not define the mechanism of habitat loss, 
although it is most likely through competition with faster growing, warm-adapted species such as 
lodgepole pine at lower elevations in warmer, more productive habitats (Weaver & Dale, 1974; 
Campbell & Antos, 2003; Hansen et al., 2016). These findings suggest an indirect effect of 
climate change via biotic interactions (Ockendon et al., 2014) – in this case, competition. 
Climate change will also affect whitebark pine through its positive biotic interaction with Clark’s 
nutcrackers. For instance, climate change may impact Douglas-fir’s range and survival in the 
north. Douglas-fir is sensitive to changes in precipitation, primarily reduced growth due to 
drought (Griesbauer & Green, 2010). 
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Figure 29. B.C. breeding bird atlas (Davidson et al., 2015) species distribution for Clark’s 
nutcracker (Nucifraga columbiana). 
Douglas-fir is also linked to important biotic interactions, soil mycorrhizae, with 
specialist species potentially sensitive to changing climate (Kranabetter et al., 2012). These 
interactions will influence potential distributional shifts in Douglas-fir, with impacts to Clark’s 
nutcrackers and whitebark pine. A changing climate could also potentially directly influence the 
survival of northern whitebark pine. For instance, warmer or earlier springs may cause an early 
flush of needles (Walther et al., 2002; Parmesan, 2006). Northern populations of whitebark pine 
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are sensitive to spring temperatures, with more cold hardiness in northern populations in the fall, 
and less cold hardiness in the spring compared to southern populations (Bower & Aitken, 2006). 
As a result, increased temperatures in the spring could result in more rapid needle flushing that 
would then make individuals more vulnerable to cold snaps after flushing. Climate change may 
further impact whitebark pine through interactions with disturbance. Increased summer drought 
through declining snowpacks, for instance, can increase stress and susceptibility of whitebark 
pine to insects or disease (Wong & Daniels, 2016). Disturbance agents themselves will also 
respond to changing climate. Humid weather is suitable for white pine blister rust spore dispersal 
(Van Arsdel et al., 1956), with increasing hazard of white pine blister rust in warmer, wetter 
climates (Sturrock et al., 2011). Lastly, climate change may indirectly affect whitebark pine 
through its biotic interactions (Ockendon et al., 2014).  
6.3 Uncertainty 
The data and analyses used throughout this thesis contain error and variability, resulting 
in uncertain outcomes. For example, in Chapter 3, I addressed uncertainty in the statistical 
relationship between whitebark pine and its environment by incorporating multiple pieces of 
information across scales, with all parameter uncertainty propagated throughout analyses. The 
Hierarchical Bayesian model structure enabled the estimation of a whitebark pine habitat 
parameter (0 or 1) based on coarse-scale climate relationships to species occurrence. This 
parameter was not estimated independently, so at every iteration, for each one of the MCMC 
chains (Markov chain Monte Carlo from Bayesian parameter estimation), either a 0 or 1 was 
drawn (variability; Clark, 2005). This information was used by fine-scale abundance-
environment relationships being estimated simultaneously, and resulted in variability in the 
estimate of the regional scale process (whitebark pine habitat 0 or 1) to influence the estimation 
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at the local scale. Ultimately, each parameter was summarized by its median estimate with upper 
and lower quantiles expressing the range of values (uncertainty; Clark, 2005) that each parameter 
might span. The hierarchical Bayesian model is a useful tool in structuring analyses to better 
mirror the complexities of ecological systems (Pearson & Dawson, 2003; Clark, 2005). 
Uncertainty also exists in the down-scaled estimation of climate variables (Wang et al., 
2012). A particularly important climate uncertainty for whitebark pine occurs in predicting 
current and changing snow in the Coast Mountains (Brown & Mote, 2009). The transition from 
coast to interior subalpine ecosystems on the leeward side of the Coast Mountains is particularly 
important for whitebark pine. The ecosystems on the leeward side of the Central and North Coast 
regions in my study area are characterized by heavy snowfall and dry summers (Banner et al., 
1993). Including the proportion of annual precipitation that occurs as snow enabled the 
delineation of the boundary for the transition zone that helped me to accurately predict whitebark 
pine habitat in Chapter 3 (Figure 7b). The treeline and lower elevational boundary of whitebark 
pine occurrence in the Coast Mountains is lower than in the interior and Rocky Mountains in the 
eastern portion of its range. This lowered treeline is partially a result of lower summer heat 
(Körner, 2003), but snowpack depth and duration also plays an important role in shaping treeline 
environments in these heavily snowed area (Banner et al., 1993). Late-lying snow reduces 
photosynthesis and as a result, potential growing season length (Tranquillini, 1979; Körner, 
2003). Mountain areas that have heavy and long-lasting snowpacks (due to lower spring/summer 
temperatures) then have shorter growing seasons. Subalpine tree species such as whitebark pine 
can succeed in this environment due to their ability to grow slowly and tolerate many of the 
environmental challenges (wind, drought, abrasion, low nutrients; Körner, 2003) of treeline 
environments (Weaver, 2001). If snow plays a vital role in maintaining the lower elevational 
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boundary of the treeline zone in the Coast Mountains, then predicting where snowfall turns to 
rainfall in the winter will have important implications for predicting changes to these treeline 
environments with changing climate. For instance, a study by Brown & Mote (2009), which 
included a site at Tahtsa Lake, B.C. (whitebark pine low elevation habitat on the eastern slopes 
of the Coast Mountains), found snow cover was most sensitive to temperature in this region, 
related to the relatively warm, but wet winters compared to other sites. Being closer to the 
snowline, a small change in temperature could result in a shift from snowfall to rainfall, affecting 
snowpack depth and duration (Brown & Mote, 2009). The fastest temperature warming may in 
fact occur at the 0˚C isotherm due to snow-ice albedo effects (Pepin & Lundquist, 2008). 
Overall, potential sensitivity and uncertainty around predictions of snow depth and duration in 
the Coast Mountains could result in greater sensitivity of whitebark pine in these areas to future 
climates. In Chapter 5, both North and Central Coast regions were predicted to have a greater 
decline in whitebark pine distribution due to climate change than in the Rocky Mountain regions. 
These findings, combined with the discussion around uncertainty and sensitivity to snow 
changes, suggests that the Coast Mountain populations of whitebark pine should receive careful 
consideration for conservation resources. 
6.4 Ecological network break-down 
As whitebark pine is connected to a wide ecological network, the consequences of 
whitebark pine extirpation or extinction could have wide-ranging effects on many other species 
(Tomback et al., 2001). In line with other ecological networks, the whitebark pine-Clark’s 
nutcracker-Douglas-fir interaction demonstrates a highly specialized mutualistic network built on 
a core of generalist species (Bascompte & Jordano, 2007) such as Douglas-fir (or other 
alternative food sources), grizzly bears and red squirrels. The co-extinction of species, where the 
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loss of one species within a network can result in the loss of one or many others in an extinction 
cascade across trophic levels (Rezende et al., 2007; Bascompte, 2009; Dunn et al., 2009) is 
predicted to be common, but is rarely found in nature (Dunn et al., 2009). Some species 
compensate for high specificity in one life history trait with lower specialization or obligate 
relationships in another (Bond, 1994). Whitebark pine could be considered a high-risk species 
for co-extinction (Bond, 1994) due to the reliance on a single species (Clark’s nutcracker) for the 
dispersal of its seed (Hutchins & Lanner, 1982; Tomback, 1982). Increasing isolation between 
populations through whitebark pine decline could also affect the plant-animal mutualism (e.g. 
habitat fragmentation, Cordeiro & Howe, 2003). The whitebark pine-Clark’s nutcracker system 
may result in increasing reliance of Clark’s nutcracker on alternative, lower-quality foods. 
Species such as Douglas-fir do not provide enough energy for Clark’s nutcracker reproduction 
(Schaming, 2015).  
However, co-extinction is not the only possible ecological consequence of whitebark pine 
decline. With changing accessibility of its primary food source, Clark’s nutcrackers could 
theoretically change the mutualistic relationship to predatory, where whitebark pine does not 
benefit from the relationship due to increased consumption of seed and decline in seed dispersal. 
This change from mutualism to predation could be one evolutionary outcome of mutualisms 
leading to the break-down of the mutualistic relationship (Sachs & Simms, 2006). Similar to 
other stone pines (Hayashida, 2003), while Clark’s nutcrackers are the only seed disperser, many 
seeds are cached in unsuitable habitat for seedling establishment (Lorenz et al., 2011). 
Conceivably, as seed quantities decline, inadequate caching in suitable germination 
environments could lead to a loss of effective dispersal for whitebark pine. There is evidence of 
both a decline in Clark’s nutcracker visitation with declining health in whitebark pine stands 
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(McKinney & Tomback, 2007; Barringer et al., 2012) as well as declining regeneration densities 
with declining whitebark pine health (Leirfallom et al., 2015). How the wider ecological network 
around whitebark pine will respond to the loss or continued decline of whitebark pine remains 
unclear. However, Clark’s nutcrackers can move large distances, maintaining highly connected 
populations (Dohms & Burg, 2013). This suggests that if whitebark pine was restored, Clark’s 
nutcrackers could readily return to disperse seeds once again.  
6.5 Management implications 
6.5.1 Hierarchical perspective 
Ecosystems and the species within them are influenced by multiple driving factors that 
occur across multiple scales (Wiens, 1989). For instance, while biotic interactions are often 
viewed as only influential on species and communities at fine scales (Pearson & Dawson, 2003; 
McGill, 2010; Belmaker et al., 2015), there is increasing evidence that the scales at which these 
processes are important can be much greater, even up to geographic scales (Heikkinen et al., 
2007; Afkhami et al., 2014; Araújo & Rozenfeld, 2014; Freeman & Mason, 2015). It seems 
important to “recognize that ecological patterns and processes are scale-dependent, that this 
scale-dependency differs for different ecological systems…” (Wiens, 1989). If we pre-determine 
that climate is influential only at coarse scales, and biotic interactions at fine scales, that does not 
fit with ecological scaling (Wiens, 1989), as the scale at which climatic and meteorological 
processes shape species patterns depends on the ecological system. The point at which one factor 
(climate, biotic interactions, habitat, dispersal; McGill, 2010) becomes important is dependent on 
the ecological system and organism of study. 
Overall, my research suggests that considering whitebark pine populations within their 
broader landscape and ecological context (i.e. proximity to alternative food sources) would be 
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prudent when making decisions on restoration. Restoration is inherently a fine-scale process, 
focusing on a particular area and planting seedlings within it. My research suggests that the 
prioritization of candidate restoration sites should include consideration of the local and regional 
context of a given site. Is the restoration site located in high-quality abiotic habitat? Will 
increasing the whitebark pine population in this area contribute to maintaining Clark’s nutcracker 
populations? As an example based on Chapter 3, restoration planting based on the success of 
regeneration associated with solar radiation is context dependent. At a geographic scale, the 
highest solar radiation region (eastern slopes of the Rockies) was poor habitats for juveniles 
(Chapter 3). But that does not mean that juveniles should not be planted, or cannot be found in 
high solar radiation (south-facing) sites (Gelderman et al., 2016). The hierarchical context of a 
site should provide guidance on planting strategies. In this case, regionally high solar radiation 
areas that coincide with high regional risk of drought indicated by climatic norms or trends, 
seedlings may be more susceptible to drought-related mortality, and so may potentially do better 
on north-facing, low solar radiation slopes (i.e. Moody 2006).  
6.5.2 Ecosystem management 
In my research, I show that whitebark pine-Clark’s nutcracker-Douglas-fir relationships 
influence whitebark pine even at larger (macro) scales. This has important implications for 
whitebark pine management. This provides an alternate view of ecosystem management, in that 
the ecosystem in this case is not a specific spatially-defined area (i.e. a mapped forest ecosystem 
unit), but is process-defined by the reach of biotic relationships. A potential analogous system 
would be the moose-wolf-caribou network of interactions. Wolf populations expand and thrive 
on increasing prey abundance, such as exhibited by moose in regions of widespread forest fires 
or timber harvesting, which in turn increases potential predation of an alternative food sources 
for wolves, such as caribou (Wittmer et al., 2007). In this way, moose, which do not directly 
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interact with caribou, can greatly impact caribou populations (apparent competition; DeCesare et 
al., 2010). No tree species of which I am aware is managed considering positive indirect species 
interactions within a broader ecological network. In this study, I did not explore a wide range of 
Douglas-fir management strategies, particularly at finer (stand) scales, as this is just an early 
attempt to devise restoration plans based on ecological networks.  
6.5.3 Regional priorities 
Conservation actions, such as large-scale restoration or reserve design, are determined by 
policy, which is informed by ecological, but also social and economic considerations (Ban et al., 
2013). Active restoration of northern whitebark pine is expensive due to the vast regions over 
which the species occurs and remote landscapes that are largely inaccessible for restoration work 
except by helicopter. Taken as a whole, I have shown that the Coast Mountains have less suitable 
habitat that is more fragmented (Chapter 3). This habitat tends to be of lower quality for adult 
whitebark pine trees (Chapter 3), and towards the northern limit in the Coast Mountains, there is 
decreasing proximity to Douglas-fir (Chapter 4), thereby decreasing potential dispersal to these 
habitats. This northern Coast Mountain region is also the most vulnerable to climate change 
(Chapter 5) and regional mortality risk. But this region is also the most responsive to restoration 
and Douglas-fir management. The Coast Mountains cannot be treated as one homogeneous unit. 
The highly abundant whitebark pine in the Central Coast (Chilcotin) and further south results in 
the Central Coast region being vulnerable to loss of habitat from climate change, but with lower 
mortality risk due to high abundance (Chapter 5), but also lower risk of infection from white pine 
blister rust (Campbell & Antos, 2000; Zeglen, 2002). 
Restoration in the northern range of whitebark pine will be hampered by the remote and 
rugged terrain that increases restoration expenses substantially. Identifying candidate trees for 
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seed collection, caging and collecting seed (Pigott et al., 2015) would require three separate 
helicopter trips (for caging, collecting, and planting) from either Smithers, Fort St. James or 
Prince George, B.C. The northern range of whitebark pine also spans administrative boundaries. 
Political borders can cause failure in conserving some of the world’s most endangered species 
(Ceballos & Ehrlich, 2002). In this case, whitebark pine covers three administrative regions: 
provincial Crown land in Alberta and B.C. and federal land in national parks, creating challenges 
in working effectively across these borders. Additionally, the provinces are expected to deliver 
recovery programs, but the federal government provides oversight and coarse-scale recovery 
strategies for species at risk (http://laws.justice.gc.ca/eng/acts/S-15.3/). Recovery may occur by 
different priorities, over different time scales between administrative regions, mostly as a result 
of the influence of different people in key government roles in the provinces and national parks 
(personal observation). Through the data collection and combination process of my thesis 
(Chapter 2), I learned of some of the difficulties in working and sharing data on endangered 
species across borders, even within the same country. This is a key consideration for whitebark 
pine conservation and recovery planning, which spans provincial, national and state borders. 
Additionally, as part of legal listing of whitebark pine as endangered on the Canadian ‘Species 
At Risk Act’ (SARA), a recovery strategy, including the identification of critical habitat, is 
required for the recovery planning process (Mooers et al., 2010). Critical habitat identifies the 
habitat needed for survival or recovery of an endangered species (http://www.registrelep-
sararegistry.gc.ca/default.asp?lang=En&n=AA794D41-1#_6). This habitat has not yet been 
identified for whitebark pine, however it may likely involve the abundance of live whitebark 
pine basal area (> 2 m2/ha) based on the work of Barringer et al. (2012). Defining critical habitat 
for a tree species that occupies a wide range of habitats, and is not directly threatened due to 
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habitat loss, will pose a significant challenge to recovery planning. I would argue that the 
identification of critical habitat based on current observed abundances of whitebark pine may be 
somewhat circular logic, given the stochasticity of various processes that result in abundance (i.e. 
seed masting, dispersal, climate, disturbance history). I would suggest that basing critical habitat 
on both the capacity of the current and future potential abiotic environment of a given site, in 
conjunction with the landscape connectivity of whitebark pine populations, may be an alternative 
approach. In Chapter 3, I demonstrate the diversity of habitats supporting whitebark pine as both 
juveniles and adults, including the coldest regions of the current northern distributional edge. In 
Chapter 4, I provide strong evidence for the importance of landscape spatial pattern and 
connectivity of food sources for Clark’s nutcracker in driving the species limit. In Chapter 5, I 
demonstrate that the range of whitebark pine will shift in relation to its habitat, including climate. 
Additionally, in Chapter 3, I demonstrate that suitable habitat exists across the northern range of 
whitebark pine in both eastern and western mountain ranges, but that high quality adult habitat, 
as defined by high predicted adult abundance and a greater ratio of adults compared to juveniles, 
occurs in the southeastern portion of the study area on the leeward side of the Rockies. In 
Chapter 5 I demonstrate that this area (Central Rockies), as well as the Central Coast, which 
contains highly abundant whitebark pine with low mortality risk to white pine blister rust, could 
be considered core distribution or “critical habitat” considering both abiotic and biotic processes. 
Protection and restoration are important actions for species recovery. However, I suggest 
that given the large geographic area covered by whitebark pine, the amount of habitat requiring 
restoration, and the inaccessibility of a large portion of this habitat, Clark’s nutcrackers 
ultimately are going to be the dominant agents of whitebark pine recovery. As a result, actions 
135 
 
that support this mutualistic relationship should be prioritized while increasing the amount of 
rust-resistant whitebark pine genotypes on the landscape through restoration planting. 
6.5.4 Additional future research 
In addition to the research on Clark’s nutcrackers outlined in 6.1, data on seed maturation 
and viability would be useful to better understand whether there is a decline in whitebark pine 
reproductive capacity towards the northern limit; such a trend could additionally contribute to the 
northern distributional limit (Jump & Woodward, 2003). Studying the potential effects of 
increasing isolation resulting in local pollen limitation (Rapp et al., 2013) would be useful in 
monitoring the effects of whitebark pine decline, particularly in the small and fragmented North 
Coast region. Understanding the reproductive capacity of northern populations would add useful 
evidence to support or reject these areas as sink populations in a metapopulation context. Linking 
demographic rates to environmental conditions is important (Pulliam, 2000), but quantifying the 
capacity of these northern populations to reproduce given the suite of environmental conditions, 
would also be insightful. Other temperate tree species show a decline in the viability of seed 
towards their northern limit (Asselin et al., 2003), as well as increased phenological 
maladaptation (flowering/fruiting; Chuine & Beaubien, 2001; Morin et al., 2007). 
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